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EXTRACT FROM PREFACE TO FIRST 
EDITION 

The present book deals with subjects in the borderland be-- 
tween several aUied sciences (notably physics and chemistry) 
and the exclusively practical sides of their application. It is 
hoped that the student will be helped to understand some- 
thing of the applications of ^ those* heat engines which work 
on the internal combustion principle, and the engineer to a 
fuller realization of the scientific principles concerned in the 
design and working of gas, oil and petrol engines. In order 
to economize space, and since it has been amply dealt with 
by many other writers, little is said of the historical side of 
the subject. The introduction, into the theoretical treatment 
of the subject, of the principle of the now recognized variability 
of specific heats with temperature has involved the breaking 
of much new ground, and it is impossible to expect complete 
success in avoiding mistakes and slips in the calculations. I 
shah, therefore be very glad to have brought to my notice any 
corrections that may be necessary. 

In writing this book so many original papers and treatises 
have had to be consulted that it is not easy to make the 
requisite and proper acknowledgments. First, how’-ever, it 
is a pleasure to acknowledge my great indebtedness to 
Frofessor Perry, to whom, as a student many years ago, 
and on numerous occasions since, my thanks are due for 
guidance, counsel and help generously given. I have also to 
thank Mr. Dugald Clerk and Professor Hopkinson for 
copies of their papers. I am indebted also to Mr. J. T. H. 
Burrell, Assoc.M.Inst.C.E., for checking the mathematical 
calculations and for working out the examples. For the 
illustrative matter I have to thank the Institutions, Firms and 
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PREFACE TO FIRST EDITION 


individuals mentioned in the following list, but chiefly my 
friend Mr. F. Strickland and Messrs. Chas. Griffin & Co. for 
permission to reproduce certain illustrations from their Petrol 
Motors and Motor Cars.” Finally I tender my thanks to the 
Editors of The Engineer and Engineering for permission to 
reproduce certain parts of articles contributed to their columns . 

H. E. W, 

Ghelsea. 

13//l August 1908 


PREFACE TO SECOND EDITION 


Since the Tirst Edition of this book was printed there Lave 
been many important developments in the internal combustion 
engine. There has been a considerable extension of its use 
at sea, a very largely increased employment on land, and a 
most notable development for service in the air. Moreover, the 
recent work of the B.A. Gaseous Explosions Committee has 
provided a real basis for a modern theory of the engine. These 
changes in theory and practice have necessitated corresponding 
changes in the book ; the new matter to be added has led to 
some compression in the bid, so that the length might be kept 
within bounds : much has been rewritten. In this work I 
have received the valuable assistance of Mr. H. E. Piggott, 
M.A., formerly scholar of Clare College, Cambridge, and now 
Head of the Mathematical Department of the R.IST. College, 
Dartmouth, and of Mr. W. E. Hogg, A.R.C.S., Assoc-M-Inst. 
C.E. ; to botlx of them my thanks are due. 

A t, the end of each chapter will be found some problems 
for solution, drawn chiefly from the examination papers set 
at Cambridge, at the Imperial College of Science and 
Technology, and by the Board of Education and other 
Government Departments. These have been arranged by 
Mr. Piggott, and his solutions of them are given at the end 
of the book. 

H. E. W. 

Hampsteajd 

28th JPelmtary 1915 


PREFACE TO FOURTH EDITION 


Is this new edition it ha.s been possible to include some 
account of the notable advances made in internal eombustion 
engine theory and practice as a result of the intense stimulus 
of the War. Much of it arose from the growth of aviation. 

This has necessitated some compression in the older matter, 
so that the size of the book should be kept suitable to its 
purpose. 

The author takes this opportunity to thank many friends 
for useful suggestions, and in particular Mr. W. J. Stem, 
B.Sc., A.R.C.S., of the Air Ministry laboratory, for assistance 
especially with the sections relating to the gas turbine and 
to carburation problems. 

H. E. W. 


Gorino-on-Thames 
l&h March 1922 
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1 cu. metre = 35-31 cu. ft. 
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1 kg. - 2-205 lb. 
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1 lb. per sq. in. = 0*07031 kg. per sq. cm. 
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1 metric ton = 2205 lb. 

Enebgy 

1 ft. lb. = 0*1383 kg; metre — 1*356 x lO’' ergs. 

1 Joule = 10^ ergs = 0*7373 ft. lb. 

1 H.P.-hour = 1,980,000 ft. lb. 

1 C.H.U. = 1,400 ft. lb. 

1 B.Th.U. = 778 ft. lb. 

1 calorie = 3,087 ft. lb. = 2*205 C.H.U. 

Power 

1 watt = 1 volt. X 1 ampere »= 10’ ergs, per sec. == 1 Joule 
per sec. 

1 K.W. = l*3it H.P. == 0-239 calorios per sec. 

1 H.P. = 0*746 K.W. = 76*04 kg. m. per sec. 

1 metric H.P. == 0*986 English H.P, =75 kg. m. per seo. 


xvi USEFUL CONSTANTS 

Other Constants 

1 cu. ft. of water — 62*3 lb. 

1 cu. ft. of air (N.T.P.) - 0*0807 lb. 

1 radian — 57*3 deg. 
logea; = 2*3026 X logLo 
e = 2*7183. 

Absolute zero = —273° C. = — 459° F. 

Approximate atomic weights : O, 16 ; H, 1 ; C, 12 ; N, 14. 
Average composition of air, 23 per cenfc. of oxygen by weight or 
21 per cent, by volume, remainder almost entirely nitrogen. 
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Gas 

Formula 

Molecular 

Weight 

Carbon dioxide 

CDs 

44-00 

Carbon monoxide .... 

CO 

28-00 

Ethylene 

a,H, 

28*03 

Methane ; 

CH< 

16*03 

Oxygen 

Oj 

32*00 

Water vapour 

HjO 

18*02 

Hydrogen 

H, 

2*016 

Nitrogen 

Ns 

28*02 


CHAPl’ER I 


Elementary 

History of Internal Combustion Engine — ^Use of Comteesbion— 
Comparative Economy. 

1. Heat Engines. — Heat engines are machines which receive 
heat and turn some portion of it into mechanical work. Tlioy 
are of two kinds — 

(1) Steam Engines 

(2) Internal Combustion Engines. 

In steam engines the heat is applied to the boiler which 
generates steam. The steam passes through the steam pipe 
into the engine, and when it gets there it makes the engine 
do work. 

The internal combustion engine works in a different way 
altogether. The heat is actually produced by combustion of 
fuel inside, the cylinder of the engine. Whereas the steam engine 
illustrates external combustion, gas, oil and pcstrol engines 
are called internal combustion engines. A gun is also a form 
of internal combustion engine in which a certain part of the 
heat given out on explosion is converted into kinetic energy in 
the projectile. 

2. History of the Internal Combustion Engine.— The first 
internal combustion engine was made by Iluyghens in the 
year 1680. It was very different to any engine made now. It 
did not work on gas or oil or petrol, but used gunpowder as its 
fuel. Gunpowder was exploded in a hollow cylindrical vessel 
while the piston was at the top, and the air was driven forcibly 
out. The partial vacuum so caused, tended to pull the piston 
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2 THE INTERNAL COMBUSTION ENGINE [chap, i 

down, and this force could be applied by means of a cord and 
pulley to raise a weight or to do work by some other sidtable 
mechanism. This engine was not a practical success, nor were 
any later engines working with gunpowder as fuel. In the 
year 1820 the first engine that could really be called a ''gas 
engine ” was made. Its inventor was the Rev. W. Cecil, who 
by an ingenious arrangement exploded in the working cylinder 
hydrogen gas mixed with air, the principle being the same as 
that of the Huyghens gunpowder engine. This also was not a 
practical success, though a step forward. 

^ 3. Lenoir Engine. — ^The first engines that could be put to 
practical use were made by Lenoir in 1 8.60. He used the ideas 
of many people who had previously been working at the 
subject, but he grasped the matter more thoroughly and much 
more constructively. Many hundreds of his engines were made. 
His plan was to draw into the cylinder a mixed charge of air 
and gas. This lie did by causing the connecting rod to puU 
the piston upwards, then when the piston was half way up the 
cyhnder he ignited, by an electric spark, the gaseous mixture 
which had been drawn in. The gas could not escape by the 
inlet pipe, as that contained a non-return valve. So the full 
effect of the explosion was felt by the piston, which was forced 
upwards causing the connecting rod to do work. When the 
piston reached the top of its stroke the outlet valve was opened. 
Then since the connecting rod was fastened to a crank which 
turned a fly-wheel, the energy of the latter made the piston 
descend and drive the burnt products out of the cylinder. It 
then began to rise again, drawing in a fresh charge of gas and 
air, which was in turn ignited when the piston was half way up 
the cylinder. Thus the motion was repeated. The air and gas 
were always drawn in at about atmospheric pressure, and were 
ignited by the spark at that pressure. In modern engines the 
mixture of gas and air is always com'pressed^ before ignition. 
Lenoir’s engine is therefore called a " non-compression ” engine. 
It used about seven times as much fuel per horse-power as 
a modem engine. 

Otto and Langen. — ^In 1866, Otto and Langen produced 
an engine in which the piston was not fastened to a connecting 
rod, but was loose and could fly upwards. When the ex^ 
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plodcd gases had expanded and had got cool (partly by expan- 
sion and partly by the effect of the cold cylinder -walls), the 
flying piston stopped rising and began to fall tinder gra^ty. 
It was then caught by a kind of ratchet on its connecting rod, 
and, using its weight in this way, the piston did work. This 
engine was not very successful, its action being spasmodic. 
But in 187G Otto produced what he called a “ silent engine ” 
—to distinguish it from the noisy flying piston engine just 
described. It worked on a principle of operation which had 
been very clearly stated fourteen years before by Beau de 
Rochas, who, although ho had patented it, had not made' a 
working success of the invention. Otto was a more practical 
man, and he made his new engine very successful. The 
method of working was as follows : — 

(1) Air and gas were drawn in during an outward stroke of 

the piston, followed by 

(2) Compression of the mixture during the return inward 
stroke. 

(3) Ignition at the inner dead centre, and expansion through- 
out the next outward stroke. 



(4) Discharge of the burnt gases on. the return of the piston 
during the last stroke. 

This cycle of operations takes, it will be noticed, four strokes 
to complete, and is known as an “ Otto-oycle ” or “ Four- 
stroke” cycle. 

6. Use of Compression.— The fundamental difference between 
the Lenoir and the Otto engines lies in the fact that the former 
was a non-oompression engine, whilst the latter employed 
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compression. A further difference is that the Lenoir engine 
completed its cycle of operations in two strokes, and is known 
as a two-stroke ” engine, whilst the Otto engine is a four- 
stroke ” one. The advantage of compression is that the gases 
are at a fairly high pressure before the ignition point is reached, 
and so the effect of the explosion is to cause the mixture to 
reach a far higher pressure, and therefore to do more work, than 
if the pressure before explosion were no higher than that of the 
atmosphere outside the engine. The fact that all engines work 
on compression means that all must have a space provided into 
w*hich the piston can compress the charge. This space is called 
the “ clearance space.” In Fig. 2 the face of the piston, at the 
end of compression, comes up to the line AB, and on the expan- 
sion stroke moves out as far as EF. Then the space between 
AB and CD is called the clearance ” ; the distance from AB 
to EF the stroke ” ; and the ratio of the volumes CDFE to 
CDBA the compression ratio,” denoted by the letter r. It 
is obvious that the higher the compression ratio the higher will 
be the pressure at the end of compression, and thus the higher 
will be the temperature at that point. 


I Y 



Fia. 2. — ^Diagram of Cylinder and Piston, showing 
Compression ratio = 

volume O A B D' 


clearance. 


6. Dagald Clerk. — ^In 1880 Dugald Clerk invented an 
engine which partook of the nature of the Lenoir in that it 
was a two-stroke engine, and of the nature of the Otto in that 
the mixture was compressed before explosion. This he did by 
mixing and shghtly compressing the gas and air in a s&parate 
cylinder instead of in the working cylinder. The working 
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cylinder received its mixture of gas and air under slight com- 
pression, forcing out the exhaust gas as it entered, so that the 
exhaust and drawing in strokes could be omitted in the main 
cylinder. Of course the operations thus omitted in the main 
cyhnder had to be done in the other cylinder — called the pump 
cylinder — but the working cylinder was able to effect twice 
as many working strokes per minute as before. The work 
done by this cylinder was therefore doubled, but against this 
must be set the work lost in pumping in the other cylinder. 
Engines working on the Clerk cycle are now made in consider- 
able numbers. 

7. Daimler. — In 1895 Daimler brought out his well-known 
high speed petrol engine for . automobiles. The Otto cycle 
was followed, and the chief improvements were of a mechanical 
nature. Petrol vapour was used instead of gas. This engine 
gave a great impetus to mechanical transport on roads and 
to the use of motor-boats. 

8. Diesel. — ^In 1897 a novel form of oil engine was intro- 
duced by Diesel. Instead of a combustible mixture of oil- 
vapour and air being drawn in on the suction stroke, air only 
was allowed to enter. This was compressed to a very high 
pressure on the compression stroke — 500 lb. per sq. inch — 
and was raised by this compression to a high temperature. 
Then at the inner dead centre a small quantity of oil was 
injected at an even higher pressure (800 lb. per square inch) 
by means of compressed air. This oil at once ignited on 
coming into contact with the air, and forced the piston on its 
outward stroke. As the stroke continued, more oil was 
injected until the ‘‘ cut-off ” point was reached, when the 
gases were allowed to expand and do work in the usual way. 
The effect of admitting the fuel gradually, instead of all at 
once, was to get a more even pressure on the piston from the 
beginning of the stroke until the cut-off point. This made 
the action of the engine similar in some respects to the action 
of the steam engine, where the principle of gradual admission 
also applies. In this engine no electric spark was needed to 
ignite the mixture, since the temperature of the air at the end 
of compression was itself high enough to cause combustion to 
take place. 
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9. Humphrey Gas Pump. — A new type of engine v 
introduced by Humphrey in 1909, in which the iron pist 
was replaced by the flat surface of a vertical water colui 
which under the explosive force of the gaseous mixture ^ 
made to oscillate in a series of unequal strokes, and in so doi 
to cause water to pass from a low level tank to a high le^ 
one. The water so pumped could if desired be made to wo 
a water turbine. 


Useful 

work. 



Fig. 3. — ^Efficiency Diagram of Gas Power Plant. 

10. Comparative Economy of Steam, Gas and Oil.— A 

interesting comparison of the relative fuel consumptiou 
and capital costs was made by T. R. Wollaston, in a pape 
read before the Society of Chemical Industry in 1914. Th 
following is an extract from his paper : — 

For purposes of comparison the following is an approxi 
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mate table showing the performance and cost of modern 
prime movers. The various units are : — 

(a) The most economical form of modern steam engine 
in conjunction with modern boiler plant. 

(b) A steam turbine of highest class with modern boiler 
plant. 

(c) Gas engine with bituminous ” gas plant. 

{d) Diesel oil engine. 


Typa 1 

B.Th.U. 
per B.H.P. 
houi 

Puel cost 
per B.H.P. 
hour 

Capital 
cost per ” 
B.H.P. 

(a) Steam engine . 

19,000 

0-102d. 

£7 

(b) Steam turbine . 

21,000 

0-11 2d 

£6 

(c) Gas engine .... 

15,000 

0*08d 

£8 

(d) Diesel engine . 

9,000 

0-18d 

£8 


In the above 70 per cent, efficiency is assumed for boiler 
and gas plant. Coal of 10,000 B.Th.U. per lb. at 125. per ton. 
Diesel oil of 18,000 B.Th.U. per lb. at 705. per ton. 

In Fig. 3 is seen a diagrammatic representation of the way 
in which the fuel energy is used in a gas engine and producer 
plant. 


SECTION 1 


THEORY 


CHAPTER II 


Thermodynamic Cycles 

r:, — ^P ebfect Gas — Isothermal Expansiokt — AD iAiiAa?rc Dx- 

PAMsioif — E ntropy — Constant Tp^mpehature Cycle- ^Con- 

SPANTT PbESSURE CyCLE — CON iiTANT' VOLUME CyCLE AlH 

Stand ARB. 

1. Quantity of Heat,— The quantity of heat gtverx to the 
)er in a vessel is measured hy multiplying the weight of the 
;er in pounds by the rise In temperature of the water due to 
recei-ving this heat. Thus if 40 Jh. weight of water be 
ted so that its temperature rise from 50*^ C. to 75° C. the 
entity of heat supplied is 40 X —= 1,000 heat units, and 
the temperature scale used is Centigrade these heat units 
! called Centigrade heat units (C.H.U.) or pound-calories, 
e equality of 1,000 pound-calories to 1,800 B.Th.U. can he 
mediately seen, as one degree Centigrade is equal to 1*8 
grees Fahrenheit. One pound-calorie is the amount of 
at required to heat one pound weight of water through one 
pea'-^ntigxade. One is the amount of heat 

j[uxred to heat one pound weight of water through one degree 
-hrenheit. When the unit of weight is the kilogram and the 
ntigrade scale of temperature is used, the unit of heat is 
lied the Kilogram-calorie. 

12. Specific Heat. — The above definitions have all heen 
pressed in the terms of heating water ; water being the most 
nvenieut standard snhstance to select, and having, as it 
ppens, a greater capacity for heat than any other known 
[uid. Thus one pound-calorie will heat one pound of water 
rough one degree Centigrade, but it would heat one pound 
mercury through no less than 30 degrees Centigrade. The 
ecific heat of a substance is defined as the quantity of heat 
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necessary to raise one pound weight of that substance through 
one degree of temperature. The following are the specific 
heats of some of the commoner substances : — 


Water 
Mercury 
Brass 
Cast Iron 
Lead . 
Glass 
Air . 


1-000 

0-033 

0-090 

0-12 

0-030 

0-19 

0-24 


Thus 0-030 pound-calorie are needed to heat one pound of lead 
through one degree Centigrade, or 0-030 B.Th.U. to heat it 
through one degree Fahrenheit. 

13. Specific Heats of Gases. — In the study of the behaviour 
of a perfect gas it is usual to assume that the specific heat 
is independent of the pressure and temperature. In real 
ga^ this is found to be only approximately correct, since the 
specific heat, though practically independent of the pressure, 
does increase substantially with increase of temperature. This 
Is illustrated in Fig. 21 on p. 63, where the specific heat of the 
expanding gases in a gas engine is shown plotted against the 
temperature. When measurement is being made of the 
specific heat of a gas, it is possible to keep either its volume 
or its pressure constant. The former specific heat is called 
the specific heat at constant volume, and is usually denoted 
by C^, the latter is the specific heat at constant pressure and 
is denoted by C^. The specific heats at constant pressure 
will always be larger than those at constant volume, because 
the gas, in expanding, expands against the atmospheric pressure 
and therefore does work. 

The following table gives the constant-pressure specific heat 
figures at 0° C. for some of the commoner gases : — 


Air , . 0*24 

Hydrogen . 3-40 

Carbon-monoxide . . . . . 0-24 

Carbon-dioxide ...... 0-20 


In gas engine work the simplest plan is to take a mmn mine 
or the sf^ific heat over the temperature range considered. 
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14. Unit of Work. — As the purpose of internal combustion 
engines is to turn heat into work it is as important to measure 
the work done as it is the heat supplied. Work is measured 
in foot-pounds, one foot-pound being the work done in lifting 
one pound weight through a vertical height of one foot. If the 
point of application of a force of P pounds moves through a 
distance of h feet in the direction of action of the force, the 
work done is P X ft. -lb. 

15. Volumetric Heat. — ^Hitherto specific heat has been 
defined as the number of thermal units required to raise one 
pound weight of the substance through one degree of tempera- 
ture ; it is sometimes convenient in the case of gases %o know 
the number of foot pounds necessary to raise through I"" C. 
a mas 3 of gas which at 0° C. and at normal atmospheric pres- 
sure (760 mm. of mercury) would occupy a volume of exactly 
one cubic foot."^ This number is called the volumetric heat ” 
of the gas to distinguish it from the other way of reckoning. 
Thus it comes to exactly the same thing whether nitrogen 
is said to have a ^'specific heat” of 0*250 or a 'Volumetric 
heat ” of 27*2 ft.-lb. per cubic foot. To convert specific heat 
into volumetric heat it is necessary to multiply by the weight 
in pounds of one cubic foot of the gas (at normal temperature 
and pressure) and by J oule’s equivalent.f It has been found by 
experiment that for most gases the product of specific heat 
and density is a constant. The effect of this is that however 
much the specific heat figures may differ, the figures for 
" volumetric heat ” are almost the same for all gases. This 
is a great convenience, as it shows that the amount of heat 
necessary to heat a cylinder full of gases, at a moderate tempera-^ 
ture, through any small temperature range, will be about the 
same whatever the composition of the gases may be. This 
consideration is of assistance when studying the effect of the 
presence in an explosive charge of a residuum of burnt gases 
from the last explosion, particularly when the exact pro- 
portion of the different substances in the exhaust products 
is unknown. 

* The letters N.T.P. are often added to show that the volume is 
measured at Normal Temperature and Pressure. 

t See p. 14. 
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16. Efficiency. — ^The ratio of the energy got ont from a 
machine to the energy put into it is called the eficmicy of the 
machine. Thus 


Efficiency 


energy given out 
energy supplied" 


A gas engine usually gives out at the crank-shaft about four- 
fifths of the energy given to the piston ; its efficiency is there- 
fore said to he 0-80 or 80 per cent. This is called the mechanical 
efficiency, to distinguish it from the thermal efficiency, which 
is the ratio of the energy given to the piston to the energy 
contained in the fuel used and rarely exceeds 40 per cent, in 
any engine. 

17. Unit of Power. — ^When a machine is capable of doing 
33,000 ft.-lb. of work every minute (or 550 ft.-lb. every second), 
it is said to be of one horse-power, or 1 H.P. 

As the work done in a minute by 1 H.P. is 33,000 ft.-lb. 
so the work done in an hour is 60 X 33,000 ft.-lb., or 1,980,00, 
ft.-lb., which is therefore the equivalent of 1 H.P.-hour. Ano- 
ther unit of power, derived from electrical practice, is the 
kilowatt (or kW.) It is larger than the horse-power and 


1 H.P. = 0-746 kW. 

18. Mechanical Equivalent of Heat. — It was at one time 
thought that when a heat engine did work it did it by passing 
the heat without loss through the given temperature range, 
just as the work done by a waterfall depends upon passing a 
certaiu amount of water through a certain range of “ head.” 
It is now well known that the quantity of heat supplied to an 
engine is greater than that which comes away from it, and that 
the missing part is the amount of heat that has been converted 
into mechanical work. Joule was the first to realize that heat 
could be converted into work and to measure the number of 
foot-pounds into which one heat unit could be converted. 
This he did by churning water with paddles so as to produce 
internal friction in the water. He measured the work done 
and the rise in temperature of the water ; by this means the 
mechanical equivalent of 1 B.Th.U. was determined. Many 
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later and more accurate experiments have been made, and the 
result generally accepted now is that 

1 B.Th.U. = 778 ft.db. 
and 1 pound-calorie = 1,400 ft. -lb. 

19. Changes of State in a Gas or Vapour.— The state of a 
gas or vapour may be altered by giving heat to it, or by taking 
heat from it. The state may also be altered by compression 
or expansion. Any of these processes will bring about changes 
in one or more of such properties as — ^volume, pressure, tem- 
perature, internal energy, specific heat. These properties are 
related to one another in various ways, and the two most 
important of the relationships are called Boyle’s Law and 
Charles’ Law. 

20. Boyle^S Law. — Boyle’s Law states that if the tempera- 
ture be kept constant the volume of a mass of gas will vary 
inversely as the pressure. 

In symbols — 

py = Constant 

(for constant temperature). 

21. Charles’ Law. — Charles’ Law states that if the pressure 
be kept constant, equal volumes of different gases increase 
equally for the same increase in the temperature ; also, that if 
a gas be heated under constant pressure equal increments in 
its volume correspond very closely to equal intervals of tem- 
perature. 

22. Absolute Temperature. — ^It is found by experiment that 
the amount by which the volume of gas expands when its 
temperature is changed by one degree Centigrade (the pressure 
being constant) is ^-}-g^rd part of its volume at 0*^ C. If this 
proportion held rigorously for aU temperatures, however low, 
it would follow that at a temperature of 273 degrees below 
0°C. the volume of the gas would be zero. The temperature 
of — 273° C. is therefore called the Absolute Zero, and tem- 
peratures reckoned from this zero instead of 0° C. are called 
absolute temperatures. Thus the boiling point of water is called 
either 100° C. or 373° 0. (absolute). When using the Fahren- 
heit scale the number 459 should be added to the ordinary 
Fahrenheit temperatures to bring them to Fahrenheit tern- 
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peratures (absolute). Charles’ Law may therefore be ex- 
pressed — 

If V=volume at 6° C, 
and Vo=volume at 0'°0. 


Vo 


e 


V=Vo-| 

273 

T, where T ^ 

273 


273 
((9+273) 


: absolute temperature, 


V 


I q ^ _ = constant (for constant pressure). 

23. Perfect Gas. — A perfect gas is defined as one which 
satisfies rigorously both these laws, which may be combined 

PV 

into — = constant. This constant is usually written R ; 

thus PV = RT. Most of the ordinary gases comply very 
closely with the perfect gas laws, particularly at the tempera- 
tures met with in internal combustion engines. The equation 
PV 

= constant applies to any weight of gas ; when a standard 

weight of gas (e.g. 1 lb.) is considered, then the value of R 
depends on the nature of the gas. For 1 lb. weight of air 
R zi= 06, the units being pounds, feet and degrees Centigrade. 

24. To prove when unit weight of gas is considered that 

PV=RT=J(C^-C,)T 

where R is a constant and J is the value of the mechanical 
equivalent of heat (""Joule’s Equivalent”). 

Consider one found weight of gas (at Po, Vo, To) confined in 
a cylinder of exactly one square foot in cross-sectional area 
and having above it a piston whose weight may be neglected. 
Let the temperature increase to Ti and the volume to Vj, 
keeping the pressure constant and equal to P®. 

The heat supplied to the gas = 

Cp(Ti — To) heat units 
equivalent to JCp(Ti— To) ft.-lb. 
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The external work done by the gas=Po(Vi— Vo) ft.-lb, 
which=R(Ti— To) ft.-lb. 

(using the equation PV=RT) 

Then the internal energy remaining in the gas must be equal 
to the difference of those two, or 

=(JC^-R)(Ti-To) ft.-lb. 

No w J oule discovered experimentally that the gain in internal 
energy of a gas depends only on the initial and final tempera- 
tures, and is independent of changes of pressure or volume, 
i.e., that the above increase in internal energy is the same as 
if the temperature had risen while the volume remained con- 
stant, in which case the heat units required would have been 
C^(Ti — To), or in energy units JC^,(Ti — To) ft.-lb. 

Thus (JC^-R)(Ti-To)=JC,(Ti^To) 
or R=J(Cp-- CJ 

This shows that the perfect gas law may be written 
PV 

^=j(c,-a) 


a form which is often convenient. It shows also that for any 
gas which obeys the perfect gas law the specific heat at con- 
stant pressure is always larger than the specific heat at constant 
volume by the same amount, no matter what the temperature 
or pressure may be. So that if one specific heat be known the 
other, or the ratio of the two, can easily be calculated. 

25. Th6 equation 


PV 
T ' 


:R=J(C^~C,) 


is true for all perfect gases, the quantity present being unit 
weight. It may be written 

1=^ (0,-C.). 

If we take two different gases, both obeying the perfect gas 
law, and adjust their pressures so as to be equal, and also their 

temperatures to be equal, the two values of ~ (0^ — C^) must 

be the same. But the weights of the gases being the same, 

0 
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the volumes occupied must be inversely proportional to their 
densities. Thus (C^, — C^) X density must be a constant quan- 
tity for such gases. 

The following table shows how real gases approximate to 
this — 


Gas 

cv 

Cv 

Density rela- 
tive to Air 

(c;— c«) X 

density 

H 2 . . . 

3-409 

2-406 

0-0692 

0-069 

isr2 . . . 

0-244 

0-173 

0-970 

0-069 

02 . • . 

0-218 

0-155 

1-105 

0-070 

CO 2 . . . 

0-217 

0-171 

1-520 

0-070 


The explanation why there are any differences at all is because 
these gases are not perfect gases.” The assumption is im- 
plied, moreover, that the specific heat is independent of tem- 
perature, and although for many calculations this is sufficiently 
nearly true, there are others, as will appear in a subsequent 
chapter, in which this is by no means the case. 

26. Ratio of Specific Heats. — ^The ratio of the two specific 
heats of a gas is an important one, and is generally called by 
the Greek letter 7 , thus 


Since C^)=R 


c. 




R 

J.0« 


y lies usually between 1*3 to 1*4; and for air is 1*41. 

27. Isothermal Expansion. — ^When a gas expands so that 
the temperature is always constant the expansion is said to be 
Isotherrml. 

In symbols— 

PV=constant. 


This is, of course, Boyle’s Law. 

(This is occasionally referred to as a hyperbolic ” expansion 
as the graph of the above equation is a hyperbola.) 

28. Adiabatic Expansion. — ^When a gas expands in such a 
way that heat, as such, is neither given to it nor taken from it. 
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the expansion is said to be adiabatic. Such an expansion, or 
compression, may be imagined as taking place in a cylinder 
made of a completely non-conducting material, no heat being 
generated by chemical action nor lost by radiation. The more 
quickly an expansion or compression takes place, the more 
nearly is the adiabatic law followed, since there is a shorter 
time for any transfer of heat to take place. The rapid heating 
of a tyre-pump when used vigorously is a familiar phenomenon. 



4 . — p V diagram showing compression of six cubic feet of air into one 
cubic foot, (a) Isothermal ; (6) Adiabatic. [Final pressure is more 
than twice as high in (&) as in (a).] 

When the expansion is adiabatic the law connecting P and V 
for a perfect gas can be shown to be 

PV^=constant. 

In Fig. 4 is shown the result of compressing a mass of gas 
from 6 cu. ft. to 1 cu. ft. Such compressions are approxi- 
mately adiabatic — see curve 6 — ^when the process is carried 
out very rapidly ; and approach the isothermal — see curve a 
— ^when the compression is so slow that most of the heat is 
dissipated during the time taken by the compression. 

29. Proof. — '' Joule’s Law,” quoted in paragraph 24, comes 
to this, that the gain in internal energy due to rise of tempera- 
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ture must equal the difTertuice of (‘uergy duo to licat supplied 
and the work done. 

Thus, if AH. heat units are sup[)li( d to unit weight of gas 
J.CVA'l.' J.AH-P.AV 

where AT and AV arc iiKinunents in temperature and volume. 
If the gas is neither to receive nor to lose heat 

AH=0 

and the equation simplifies to 

J.C, AT+P. AV=-:-.0. 


Now in any finite transformation P will be continually chang- 
ing, and the process must therefore be imagined to lx* split up 
into a great number of infinitesimal stejis. ConsidcT AT and 
AV as infinitesimal inenunents, and obtain the equation con- 
necting P and V by integmtion, thus : — 


J.(VAT-[P.AV=0 

from pars. 24 and 20, PV= 1)T 

therefore P. AV-f V. AP= J.CVy- 1 ) AT 

^ --{y-~l)P. AV 
therefore V. AP = — y .P. AV 

P 1-7 V 

m the hmitmg case — - + y =0, 


therefore log P+y log V=con8tant, or PV*" — constant. 

30. Tempeiatore Change in Adialmtic Transformatioas. — 
The adiabatic law for a perfect gas is 
PV^=con8tant ; 

combine this with the perfect gas equation of 

PV=RT 
and eliminate P 
then TV’'”*:=con8tant ; 
or V can be eliminated and then 

fjy 

— -T=constant. 

py-i 

If, therefore, the initial state of a mass of gas be known it 
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is possible to caleiilate it s t<‘mperaturc at any point after adia- 
batic expansion or c(>inpi’‘“’«b)n from a knowledge either of its 
new volume or of its new proKsuro. 

Both the laws discussed in paragraphs 27 and 28 are special 
cases of the gciu‘r<tl foj inula X V ^ — ■ constant, being ec^ual 
to unity in the isothermal ea.sei and ccpial to y in the adiabatic 
case, eln the internal conilnistion engine the gas does not 
expand ox^compress according to either of these laws precisely 
but the expansions and cHunpressions do in every case follow 
very nearly some law of the type EV” = constant, where n 
has a value lying between unity and y. 

Examph.—Ii the gas during a compression stroke increased 
in pressure from atmospln-ric pressure to 65 lb. per sq. inch 
above the atmo.sphere, and if the temperature before compres- 
sion were 120 0., the tennperature at the end of eompression 
could be calculated from the equation in par. 30. 

fj|1» 

and if 71 "be 1-3 

Then - _ (120 - t-273)^ » 

(14-7 {14.7jo-3 • 

or T==(I2()-f27:i)(^I|.'J)l-3 == 393(^^y 

or T = 680° C. (absolute) == 307° 0. 

This explains how it is that a gas gets hot when compressed 
so suddenly that there is little time for heat to escape through 
the walls of the cylinder. 

31. The Thermodyiiamic Laws. — ^The following are the two 
fundamental laws of thermodynamics. 

(1) In all transformationH, the energy due to the heat units 
supplied must be balanced by the external work done plus the 
gain, in internal energy due to the rise in temperature. 

(2) It is impossible for an automatic machine, unaided by any 
external power, to convey heat from a colder to a hotter body. 

The first of these laws was discovered experimentally by 
Joule. It has been stateil in paragraph 29, and was there 
interpreted in symbols, viz. : 

J. AH= JC; AT-fP AV - 
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The second law may be said to roiiresent universal experience 
in the working of heat engines. 

32. Thermal Efficiency. — So far as the first law is concerned 
there is nothing to show why all the heat supplied to an engine 
should not be converted into work. But tho effect of the 
second law is that only a portion of tho lieat supplied can be 
converted into work, and, as stated in par. 10, tho ratio 

Heat converted into work 
Heat supplied to engine 

is known as the thermal efficiency of tho engine. The better 
the engine the higher the efficiency. Tho most efficient heat 
engine yet built has an efficiency of about 0-4. 



33. Application of Graphical Methods to Thermo-dynamics ; 
Pressure-Volume and Temperature-Entropy Diagrams. — ^The 

reader is probably familiar with graphical methods as applied 
to physical problems. In many such cases it is customary to 
deal with three physical quantities ; two of these are plotted 
along the axes of co-ordinates, and the relation between them 
exhibited by the graph, while the third is involved in the area 
contained between the curve and one of the axes. 

If pressure (lb. per sq. ft.) be plotted along one axis and 
volume (cu. ft.) along the other, as shown m Fig. 6, the area 
between the curve and the X axis, bounded by the ordinates 
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at V = Vo and V — V„ will give the external work done (ft.- 
Ib.) when the volume of the gas increases from Vo to Vj. 

Proof. — Area of shaded strip = 1*. AV, which is work done 
by pressure in^ increasing volume by AV. Therefore total 
work done = LP. AV for all such strips (or in calculus nota- 
tion, j P.dV) which is the area under the curve. 

It is this principle that enables the work done hy an engine 
to he calculated from an indicator diagram showing the pres- 
sures and volumes of the w'orking medium. 

In some problems, however, it is convenient to have the 
temperature shown along the Y axis, and the area under the 



curve to show, not work done, but heat units supplied to the 
gas. The question arises, what, in this case, is to be plotted 
along the X axis ? The answer to this question is that the 
quantity to bo plotted along tlio X axis is not one like pressure 
and volume with which acquaintance has already been made, 
but a new one, and one which cannot bo measured directly. 
The name given to it is entropy. It is not possible to give a 
simple scientific defimtiou of entropy, nor is it necessary to do 
BO. It is obviously some property of the state of a gas which 
determines the connexion between rise of temperature and 
increase of heat units. If we keep in mind the graphical in- 
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tcrpretation an ox[)laine(l aliovc, it in imncccKKary to express 
the idea of entropy in any formal definition.* In Mg. (t such 
a graph is given. The area und(>r t he curve, and lying between 
the ordinates at (po and fp„ measures the numhtu’ of lieat units 
supplied to the gas b(d.\vec*n tlu! teinperatnn-.s 'j’o and 1',. 

Calculation . — (’ailing tlie entropy ip, the, area of tin; shaded 
strip ~ T. A but this by definition is equal to AH, 


tliereforc 'J’. A (p 


or Lep ■ 


AH 


, tdll 
and 9 ? = J 


AH 


From this formula the actual value of the (‘ntropy in a mass of 
gas can be calculated. 

34. Unit of Entropy. — If the area under the curve in Fig. 6 
were 1000 pound-calories and the trunpiiralure had remained 
constant at 500“ C. (absolute!), corresponding to an isothtTmal 
expansion, the curve would have been flat, i.t!. a straight line 
parallel to the axis of entrojry, and it is clear that the dillerence 
( (pi — fo) would have had to be two units of entroj)y in length, 
so that 

2 X 000 — 1000 pouml-calories. 

' One unit of entropy would therefore b(j the amount of increase 
in entropy due to the reception of a number of heat imits equal 
in amount to the absolute temperature at which the heat is 
' received, and this unit of entropy is called 1 rank. 

The temperature values used in entropy calculations must 
always be absolute. The imiiortance of temperature-entropy 
graphs lies chiefly in their applications to isothermal and 
adiabatic transformations : — 

(1) In isothermal transformations the temperature is con- 

stant, so that the graph will bo a straight line parallel 
to the entropy axis. 

(2) In adiabatic transformations no heat units are gained or 

lost, so that the entropy remains constant and the graph 
will be a straight line parallel to the temperature axis. 

* Readers desiring to get a fuller idea of entropy are rofetred to 
Professor Callendar’s address to the Physical Society, of which an 
abstract is given cm p. 97 oi Nmttire for March 16, 1011. 
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I'Ms means that any closed circuit made up of successive iso- 
hermal and adialbatic compressions and expansions will have 
1; graph composed exclusively of straight lines at right angles 
,o one another. Hence the area can be very easily measured, 
ind the amount of heat supplied be readily determined. 

35. PV and T 99 Diagrams Compared. — ^The following state- 

nents help in memorizing the relationships between these two — 

(1) Average force [lb.) X space range (ft.) =work done (ft.- 

lb.), or, what comes to the same thing, average pressure 
(lb. per sq. ft.) X volume range (cu. ft.) = work done 
ift.db.). 

(2) Average temperature (absolute) X entropy range {ranks)= 

heat units , — the latter being either calories or B.Th .U. 



according as the temperature (absolute) has been measured in 
the Centigrade or Fahrenheit scales. 

36. Areas of Closed Cycles. — ^After any ideal cycle of opera- 
tions, when the gas returns to its initial state, both the PV and 
T cp diagrams will be closed figures ; in this case the net work 
done (in the PV diagram) and the net heat units taken (in 
the T9? diagram) will be given by the area of these closed 
figures. 

Thus the PV and T 9? curves shown in Fig. 7 are those of the 
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“ Otto ” cycle on which most modern gas engines work, and 
tlioy will be rel'err<-d to at greater length in this book. 

Tlie area under the curve T/J’s-Gicat units received. 

The area uiuk'r the curve IVTo = • heat units reje<;ted. 

Thus the area coixtained within the closed ligurc TqTiTjTj 
gives the number of Iieat units which are converted into work 
by the engine. If this b(^ muKljdied by tlu* numerical value 
of J, it will give tint same result as wovdd be obtained by measur- 
ing tlie area of the figure loBiEalV 



sr If 

Fio. 8. 


The PV and ^cp diagrams therefore have this in common, 
that the area of the closed figures in each, corresponding to 
a given cycle of operations, will give the work done. The 
thermal efficiency can he obtained very simply from the T cp 
diagram since 

Tiern-ol efficiency 

area under TiT* 


In Fig. 8 is shown a very simple entropy diagram for one 
pound of gas. The gas starts at the point A ; the temperature 
is then increased to the point B, whilst the entropy remains 
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constant — an adiabatic compression; then the gas has its 
temperature kept constant from B to C, whilst the gas receives 
heat and the entropy increases — an isothermal expansion ; then 
from C to D the gas expands adiahatically as the entropy is 
constant and the temperature falls to D ; then from D to A 
the temperature remains steady, whilst the gas gives up its 
heat and the entropy diminishes from D to A, so bringing the 
gas back to its original state, and ready to go through the 
cycle again. This is the well-known Camot Cycle, which is 
so often shown on the PV diagram, hut is so much more 
easily understood on the T (p diagram. 

, r ABCD AB 

In this case thermal efficiency 


area EBCF 
max. temp, of cycle — ^min. temp, of do. 
max. temperature of cycle 


EB 




which is the customary expression for the efficiency of the 
Carnot Cycle. This is an instance of how simple the use 
of the T (p diagram makes such calculations. 

37. In this last named figure aU the lines were parallel to 
one or other of the axes. This was because an ideal cycle 
of the simplest nature was being followed. In Fig. 9 the 
sloping lines AB and BC have been drawn at random. What 
changes of state would they represent ? 

The line AB sbows an increase of both entropy and tem- 
perature, both of them increasing at about an equal rate. 
So that heat is being given to the gas, and the temperature 
is increasing meanwhile. This is generally similar to what 
goes on during explosion in a gas engine cylinder, as the gas 
takes in heat from the effect of chemical combination, and 
the temperature rises while it does so. Having arrived at 
the point B the gas now follows the line BC, during which 
the gas continues bo take in heat, and the temperature decreases. 
This is what would occur, on a lesser scale, in a gas engine 
cylinder were the combustion of the gas to continue right 
through the working stroke instead of ending at the point 
of highest temperature, as it is now generally believed to do. 
Then to get the gas back to its original state the line CA is 
followed, and during it the gas gives out its heat at a nearly 
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steady temperature, i.e. almost an isothermal compression* 
No gas engine works exactly on this cycle, which was oxio 
drawn at random to show how any cycle whatsoever can Too 
very easily and readily studied by the use of the T cp diagram- 
It is obvious from the diagram that the efficiency of this 
triangular cycle would be a low one as the area is small having 
regard to the temperature variation represented. 



Gas engine indicator diagrams are often turned into T cp 
diagrams, but it is necessary that certain precautions should 
be taken in doing so. The difficulty lies in the fact that thie 
working fluid does not remain in the cylinder for a number of 
cycles, but is periodically discharged to exhaust, and a fresli 
charge brought in. The cycle can, however, be treated as a. 
continuous one if the exhaust gases are considered to have 
their relatively high temperature and pressure reduced f o 
those of the incoming charge, the volume being kept constant. 
In an Appendix to an Institution of Civil Engineers report ^ 
Captain Sankey has shown a number of PV and T (p diagrarois 
for the same gas engine cycles, and by the permissioiL of 

♦ I. 0..^. Proc., Vol. 162. 
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Fig. 10 . 


an ideal engine, whilst in the shaded portion is given the 
same diagrams for a probable actual engine. The wavy part 
ot the entropy curve shows the expansion period of the cycle. 

Fc: 39 ?" 
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It has been drawn to show the loss of heat to the walls and 
piston during the beginning of expansion, and the subsequent 
flow of heat in the reverse direction during the latter part of 
the stroke,* this effect dying away again at the very end of 
the stroke, possibly on account of the slow motion of the 
piston at that point, which would allow the walls a greater 
amount of time in which to part with their heat. 

Before dealing with the efficiencies of the various cycles 
of working it is necessary to say something about the work- 
ing medium. The gaseous mixture that enters a gas engine 
(for oil or petrol engines the same considerations apply) is 
usually air and the rest gas, and even when the proportion 
of air is not quite so high as this, by far the greater part of the 
mixture is simply air. Air is in fact the working substance, 
and gases, oils and petrols are used merely to raise its tempera- 
ture to the point required to carry out the predetermined 
cy'Cle of operations. So that although the thermal constants 
are given not only for air but also for other gases, etc it must 
be remembered that air is the most important factor, and that 
inasmuch as air is -f nitrogen, it is the latter gas which is most 
concerned, however passively, in the working of internal 
combustion engines. The following table shows the composi- 
tion of the fuel gases chiefly in use, and their approximate 
calorific values. 



Town Gas 

Producer Gas 

Blast Furnace 
Gas. 

Coke-Oven 

Gas 

CO .... 

per cent. 

7 

per cent. 

20 

per cent. 

25 

per cent. 

8 

COo .... 

2 

9 

6 

2 

H .... 

46 

21 

2 

53 

N .... 

3 

48 

66 

5 

Hydrocarbons 

42 

2 

1 

32 

B.Th.TJ. per cub. 





ft. about . 

600 

150 

^ 90 

540 


38. Ideal Standard Cycles. — Every one who is acquainted 


* Tt would have been mor-e accurate to have shown a continuous 
loss of heat by the gas — see par. 59. 
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\^ith steam engines knows that the standards of comparison 
are the Carnot Cycle and the Rankine Cycle, that is to say, 
these two ideal cycles of operation are the standards by \i'hich 
actual engines are best judged. It ■would be unfair to com- 
plain of any engine which gave a thermal efficiency of 
0*27 when that ideally possible for the temperatures employed 
was only 0*30, indeed such an engine must be greatly superior 
to any yet constructed, and although 27 per cent, efficiency 
does, it is true, mean that 73 per cent, of the energy is wasted, 

•27 

yet in reality the engine is a verj^ good one as it fields — - , 

*30 

i.e. 90 per cent, of what is ideally possible. It is this figure of 
90 per cent, -which should really be looked to. The figure 
of 0*27 gives little information, but the figure of 90 per 
cent, shows at once that unless the manner of -working be 
altogether changed there is only 10 per cent, left to improve 
upon. In a steam engine the endeavour is to keep the cylinder 
hot and so prevent the condensation which causes the efficiency 
to fall below its possible level. In a gas engine, on the con- 
trary, the endeavour is to cool the cylinder to keep the engine 
from jamming and otherwise wwking badly. Clearly there 
is here a marked difference in operation, and correspondingly 
it becomes necessary to devise new standards of eomparisoii 
suitable to the working of gas engines. 

There are Three Stendard Cyetes, viz. — 

1. The constant temperature tyj^. 

2. The constant pressure type. 

3. The constant volume type. 

Each of these has been investigated by a Oommittee ap- 
pointed by the Institution of Ci-dl Engineere, and as it is 
desirable to avoid a multiplicity of methods of dealing with 
the same thing, the author will follow generally the proc^uie 
they recommend. 

39. The Constant Temperature Type.— In an en^e of 

this type, all the heat is taken in at the highest iempemium 
and all is afterwards rejected at the lowest This 

' is what has been defined above as the Ckmot Cycle, and it can 
be proved that for the same temj^iature fimitB no pcwl^ 
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treatment of a heat engine can give a higher efficiency than 
is theoretically obtainable in this way. The diagrams in Fig. 

11 show at once that the efficiency is — - where Ti is the 

1 1 

highest temperature and To the lowest, both of course 
being reckoned from the absolute zero of temperature. T 
is always used in this book to mean temperature absolute, 
and d to mean temperature as read on a thermometer. A PV 
diagram is also shown and any one acquainted with the working 
of steam or gas engmes would recognize that for any given 
h.p. the cylinder would require to be exceedingly large and 


-i 


VOLUME ENTROPY 

Fig. 11. 

costly, so that the extra economy in the matter of fuel 
brought about by its high efficiency would be more than 
counterbalanced by the inconvenience of the size of the 
engine and by the extra annual outlay necessary to pro- 
vide for interest and depreciation on the enhanced capital 
cost. 

No gas engine works on this cycle or indeed on anything 
very like it. It is not, therefore, quoted nearly so often m 
gas engine work as in steam engine practice. 



CHAP. 11] THEEMODYNAMIC CYCLES 


33 


40. The Constant Pressure Type. — In this type of engine all 
the heat is received at the highest pressure and rejected at 
the lowest pressure. 

T (p and PV diagrams are shown for this cycle in Eig. 12. 




Fig. 12. 


The heat received per lb. of gas in this case is (Tg — Ti) X 
Cp, and that rejected is (Tg— To)XCp, so that 

^ • heat taken in — heat rejected 

thermal emciency= * 

heat taken in 

_^_ T3-^To 

During the parts of the cycle shown by the lines TqTi and 
T2T3, heat is being neither received nor rejected by the gas ; 
the expansion and compression must therefore be adiabatic. 




34 THE INTEENAL COMBUSTION ENGINE [chap, n 

For adiabatic oapansions, PV> = ooHStaHt. and by pap. 30 

— f.Dnstant. 

pv-i 


rrt /PAti , Ts 

Therefore ^ P J 


rru '^0 
Thus 


T. T3-Ti 




ri 
1 y 


Therefore ??=■>•— 

The compression ratio r y-pj 

I 1 Vt 

Therefore »7=1— 

>-(-r 


This gives the value i^nUaet that this 

»x r — rcU;ti:rH 

"ottha"rSiS "eies the compression must he high. 



Fig. 13. 
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The Brayton and Diesel engmes approach most nearly to tMs 
cycle. 

41. Hie Consent Volume — ^In this type all the heal 

is received, at constant volume and rejected also at constant 
volume. There two volumes are the volume at ignition and 
the volnme at exhaust. This cycle may also Ire called the 
Otto or Bean de Rochas C^rele, and it is the one on which* prac- 
tically aH modem gas engines work or attempt to work. The 
diagrams in Fig. 13 show the working of the cycle. 

The efficiency is calculated in the same manner as the pre- 
vious one ; heat taken in =(Tg — Ti)Cjj and heat rejects 
= To)C\,, from which it follows that 


Effieieiicy= 


(T,~-TdC,-~(T,---TjC, 
' (T2-T,)C, 


-T,~T3-r:;^ 


Then as before 


Therefore 


T.-^T, 



t; 




r ‘ 


r-i 


And this it will be noted is exactly the same expression m 
before. Indeed, the Carnot Cycle can also have its efficiency 
expressed in exactly the same way,^ but it must be. remembe-red 
that although the efficiency of all three cycles depends upon 
the degree of compression and would be the same in aE were 
the compression ratios the same, yet the temperature ran^ 
would be very difierent, and it w^oidd be found that the Ciymot 
Cycle gave the least range of temperature for any given effi- 
ciency. The discovery that for the same compre^ion raticM 
the same efficiency holds good for each of there cyclm is 
attributed to Rrofessors Unwin and CaHendar. 

Indeed all tliree cycles 'C^n also Imve their efficiencies. 

^ T 

as — hfi — i-e. the temperature rire on eompre^cm ffivided by 

-*-1 

compre^on temperature. 
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In view of the simplicity of this result, the Institution of 
; Civil Engineers selected for use as the best expression for 

* the ideal efficiency the form — 



This expression therefore holds the place in gas engine work 
which in the steam engine is filled by the well-lmown 

max. temp. — min. temp. 

^ max. temp. 

42, The remaining point to be considered is the value to 
give to y. The gaseous mixture which works in gas engines 
depends upon whether lighting gas, producer gas, blast furnace 
gas or coke-oven gas is being employed, and with oil and petrol 
engines other mixtures occur. It is evidently impossible there- 
fore to get a value for y which will accurately suit all engines. 
It must be remembered, however, that the working fluid 
always consists chiefly of air, and it has been urged by some 
engineers that, having regard to the preponderance of the 
atmospheric oxygen and nitrogen in all internal combustion 
engines, little error could arise if it were all assumed to be air: 
The ‘‘Air Standard for efficiency resulted. It assumes that 
air is the working fluid (and that the small quantity of com- 
bustible gas is merely used to heat this air by combustion), 
and that y has the air value of 1*40, so that 



This expression gives for different values of r the following 
theoretical efficiencies — 


r 


2 

0-242 

3 

0-356 

4 

0-426 

5 

0-475 

7 

0-641 

10 

0-602 

20 

0-698 

100 

0-841 
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In practice 60 to 70 per cent, of these efficiencies are usually 
obtainable, and it is clear that a comparison between different 
engines can be made by noting what percentage of the ideal 
efficiency is obtained, in each case, for the compression ratio 
at which each works. A natural result of this rise of efficiency 


(1/ 



Fig. 14. — Curves showing heat contained in 1 lb. of saturated air at various 
temperatures. Thus tS represents the heat content of 1 lb. of dry air 
and the associated quantity of water vapour, which occupies the same 
volume as the 1 lb. of air at temperature 


with compression is that taken over a long range of years there 
has been a decided increase in compression pressures. It is 
indeed this movement wLich is the chief cause of the great 
advances that have been made in the heat economy of gas 
engines. Thus in 1880 a compression pressure of 30 or 40 lb. 
per sq. inch was usual. Now the compression pressure some- 
times goes up to 170 lb. per sq. inch when working with pro- 
ducer gas and with the Diesel oil engine as high as 600 lb. per 
sq. inch. The effect of high compression pressures is illus- 
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trated in practice by the following comparative figures on an 
engine using benzol as fuel/*^' 


r 

Air standard 
efficiency per cent. 

Actual indicated 
thorrna.1 effa-icncy 
jjcr cent. 

Batio 

4-0 

42-56 

27 -.5 

•646 

4*5 

45*21 

29*7 

•657 

5*0 

47*47 

31*6 

•667 

5*5 

49*44 

33*4 

•676 

6*0 

51*16 

34*9 

•682 

6-5 

52*70 

36*2 

*687 

7*0 

53*98 

37*2 

•690 


43. The Council of the Institution of Civil Engineers have 
permitted the reproduction of the diagrams in Eigs. 11, 12 
and 13 from the Final Report| of the Committee on the Effi- 
ciency of Internal-Combustion Engines. They also permitted 
the curve in Fig. 14 to be reproduced. It shows the heat con- 
tents for 1 lb. of air, and the associated quantity of water 
vapour. It therefore enables the observer to ascertain at once 
the heat contained in any weight of air at different tempera- 
tures, The ability to do this rapidly is very useful when a 
heat balance sheet is being made out for. a gas engine run, and 
when considering the design of vaporisers for gas producers. 

43a; Mixed Cycles. — ^The constant volume and constant 
pressure cycles hitherto considered, cannot of course cover all 
varieties of engine operation, though they do represent the 
ideal cycle arrived at in the great majority of engine types. 

In practice it sometimes happens that some of the heat is 
supplied at constant pressure and some at constant volume ; 
sometimes also the rejection of heat takes place partly at con- 
stant volume and partly at constant pressure. Under these 
conditions the simple formulse no longer apply. These only 
hold for symmetrical cycles, i.e. cycles in which aU the 
heat is supplied at constant volume and rejected at constant 
volume, or supplied at constant pressure and rejected at 

* Ricardo, Brit. Assoc., 1920. 
t I.C.E. Proc,, Vols. 162 and 163. 
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constant pressure. In the ^eal Di gseLi^ for example, 
whilst the heat is supplied at constant pressure, it is rejected 
at constant volume. The cycle is therefore not symmetrical 
and the eflS.ciency is less than that which would be calculated 
from the formula 



The reason for the decrease will be seen from the diagrams 
shown in Fig. 14a. The ideal Diesel diagram ABCD may 
be considered as made up of a very large number of very small 



V 

Fig. 14a, 


heat cycles 1, 2 n. Their individual efficiencies will 

tend in the limit to the above formula with appropriate 
values for the compression ratios ; these individual efficiency 
figures will diminish as the number in the series increases 
owing to the gradual decrease of the compression ratio as 
the cycles leave the line AD and approach the line BC. 
It therefore follows that the efficiency of the whole cycle must 

. FD 

be less than that coi^esponding to the compression ratio 

The efficiency of the ideal Diesel cycle thus decreases as the 
load increases, whilst the efficiency of a symmetrical cycle is 
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independent of the quantity of heat added. The 
the efficiency of the ideal Diesel cycle with incre£ 
however theoretically capable of being avoided i 
extent by supplying part of the additional heat, i 
meet an increased load, at constant volume as i 
If addition be made to the left-hand side of the line 
of the right-hand side, then by proper choice of ' 
compression line EE, the effect of an added cycle 



V 

Fig. 14b. 


add to the horse powder without any diminution 
^ ciency of the original Diesel cycle ABCD. 

The practical Diesel cycles approach this condit 
the heat being supplied at constant volume, th( 
being added at approximately constant pressure. 

I EXAMPLES 

1. The mixture in a petrol-engine cylinder at atmospl 
1 J : and volume 1 is foimd to be at a tempera tiu*e of 115“ C 

H ■ pressed and ignited. At a certain instant the pressure is If 

: j ' and the volume 0-25. Find the temperature. [B. oJ 

; 2. Dry air is pumped into a closed vessel of constant 

1 1 f the pressure inside it is 80 lb. per sq. inch by gauge ; the 

|i i is 90° F. What will be the pressure in the vessel after it 

' for a considerable time in a room where the temperature 

[Mech. Sc. Tri 
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3. Before compression, on a petrol engine diagram v— 10, _p=15 

temperature=150° C. At a point on the expansion x'>art of the dia- 
gram where v=4:, p=190, what is the temperature ? Assume that 
the mixture behaves as a perfect gas. [B. of E., 1911.] 

4. At the beginning of the compression part of the diagram of a gas- 
engine cylinder, the pressure is represented by a distance 0-31 in. and 
the volume by 3 in. The temperature is known to be 120° C. At a 
point on the expansion part of the diagram where the 2)rossaro is 7 in. 
and the volume 0-6 in., what is the temperatm*o ? 

[B. of E., 1909.] 

5. One lb. of air has a volume of 4 cu. ft. and a pressure of 50 lb. 

per sq. inch ; the temperature is 127° C. It receives 250 C.H.U., its 
volume remaining constant. What is its new temperature and j^res- 
sure ? The mean specific heat at constant volume may be taken as 
0*17. [B. of E., 1909.] 

6. A balloon of 5,000 cu. ft. capacity is to be so far filled with hydro- 

gen at a pressure of 30 inches of mercury and 15° C. that, after ascending 
to a height where the pressure is 20 inches of mercury and the tempera- 
ture 0° C., the silk envelope is then fully distended, no gas having been 
spilled. Calculate the mass of hydrogen required and its original 
volume. The density of hydrogen is 0*0056 lb. per cu. ft. at normal 
temperature and pressure. [Mech. Sc. Tripos, 1912.] 

7. Air at atmospheric pressure and at a temperature of 70° C. is con- 
tained in a cylinder of 2 cu. ft, volume, closed by a piston. The latter 
is forced down until the air is compressed into J cu. ft. Find its result- 
ing pressure (lb. per sq. inch) and temperature, if the compression is 
jDerformed. 

(a) Very slowly ; 

(b) Very quickly (i.e. so that heat has no time to escape) [7= 

1*41]. 

8. Assuming that the compression curve follows the law PV’y— con- 
stant [y=l*4], calculate the pressure of the charge at the end of com- 
press' on, given that the pressure at the beginning of the stroke is 12 
lb. per sq. inch abs. and that the final volume is J the initial volume. 

[B. of E., 1912.] 

9. A quantity of air at temperature 15° C. and pressure 25 lb. per 
sq. inch abs. is adiabatically compressed to one-half its volume. Find 
the resulting pressure and temperature. [Mech. Sc. Tripos, 1911.] 

10. Air at 68° F. and atmospheric pressure is compressed adiabatic- 

ally to 4 atmospheres. It is then cooled at constant volume in a receiver 
down to initial temperature, and then expanded in a non-conducting 
cylinder to atmospheric pressure. Find the highest and lowest 
temi^eratures. j 

11. The ratio of coi^pression in the cylinder of a Diesel oil engine 

is 16 : 1, and the temperature of the air at the end of the suction stroke 
is 70° C. Assume that the actual law of compression is con- 

stant, what is the temperature of the air at the end of compression ? 
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12. A vessel is exhausted of air to a pressare of 12 lb. per sq. inch 

abs., the pressure of the atmosi)hor*o being 15 lb. per sq. inch abs. The 
temperature of the whole being that of tiio atmosphere (60° F.), a cock 
is opened and air allowed to rush in until the iiressure is equalized. 
Assuming that no heat is lost to the walls of the vessel, find the rise in 
temperature of the air within it. [Mech. Sc. Tripos, 1905.] 

13. If a quantity of gas expands isotherrnally from pressure Pq lb. 
per sq. ft., volume Vq cii. ft., to a place wliero the pressure and volume 
become Pi and Vi respectively, show that tlie work done in ft.-lb. is 
given by 

2-3026 PoVologio ^ 

14. A quantity of gas expands, the pressure (in lb. per sq. ft.) and 
volume (cu. ft.) being connected by the law PV"= constant. The 
initial pressure and volume being Pq and Vf, and the final pressure and 
volume Pi and Vi show that the work done by the gas is 

M ozgi X i £fc..ib. 

1 

Show also that the number of heat units received by the gas is 
P«V«-P.Vt y-n 

J ■{>.- l)(n-l) 

and hence show that if the curve PV'^ “constant lies below the adiabatic 
curve passing through the point (Pq, Vo), the gas must bo rejecting heat. 

15. A pound of air at atmospheric pressure and at 20° 0. is to be 
compressed adiabatically to 10 atmospheres. Find the work done by 
the pump. The same result is arrived at by isothermal compression, 
cooling the air so that it keeps at 20° C., and when the pressure readies 
10 atmospheres it is heated at constant pressure. Take the specific 
heats of air as 0*238 and 0*1694. State separately the work done upon 
and by the air, and the heat taken from and given to it, all in ft.-lb. 

16. A cartridge containing 4 lb. of air at 1,000 lb. jicr sq. inch (gauge 
pressure) and 15° C. is placed in the chamber of a gun behind a light 
frictionless piston fitting the boro of the gun. Tlie cartridge is per- 
forated and the piston just reaches the muzzle of the gun. Calculate 
the final temperature of the air and the volume of the gun, on the 
assumption that the air absorbs no heat from the walls of the gun. 
[Atmospheric pressure — 14*7 lb. per sq. inch.] 

[Mech. Sc. Tripos, 1912.] 

17. A torpedo air-chamber contains initially 90 lb. of air at a pressure 

of 1,700 lb. per sq. inch abs. and 15° C., and at the end of the run the 
pressure is 500 lb. per sq. inch and the temperature 2° C. How much 
of the heat of the air wliich is left in the chamber has been abstracted 
from the sea ? [Mech. Sc. Tripos, 1911.] 

18. During the inflation of a balloon with hydrogen, the envelope 
breaks away when only § full. It rises in the air so quickly that there 
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ii iPi tiiii*'* f<»r or {lirnii^h Mio What 

bf* iltP ti»ni|H'ritf uri’ f»f thft hyiiru^Mi l>y i\m ibrm it Iulh t^xpatidod 
i-ii* fi« ic» fill <*firiipl«'tf!y iadlmirj, anti \vhni will bo tiio baromidric 
liia'gjii of tho altitiidi* iii aacjirH f 

TairifM^riiiiiro uf H... im gruuud i\ii 
.Biyt.iiriotrio li(»ight cm graimd Ht) inrlian of rrwrcury, 

B|M‘=eific lioiit at |»ri*:H;iuro (»f If -"I'MJB- 

BporiJit! Iiauf at oaiiitnai vt»hano of If 

Ifh A fiifaf fM«»t of jtir* id at itin.^piiorii' (iroHHiiro tJoinproaBmi to 5 
aiiao iphoroi ari-ijf dittg to lliw law oaiwtaut. Initial toniimm™ 

iur<* oU F. 

Find - 

fi) Work dona during cornproHnion- 
Cii| 1 1 rat rmdvr’il of rojanbHi. 
fiii) Finn! ti‘in|«*rHt urn and vobirno, 

20. Ona potiiid of nit at 2 atfnr»H[>bf*r«.m and at a temporature of 

2ti (1 How many rnn ft. dooH it lill I It rocfn'voK !n*at ouorgy iH|uiva- 
loiit in ft, lb.» it« voltnnn rninaining cuiuHtunt. Find the now’ 

fimi|ii^riif nro and pfitH^riro, d*bo moan ^[aanlht luiat at constmt volutno 
of I I II? iiir triiiy Im tiikon m 0'17. 

2L Lir|iiiil fiiid in bsirrtt in tlie fur nnfjply of a oornproHsod air ©ngine 
ill tlii^ pro|ii>riioit of I lb. of fnol to 100 lb. of aif» nntl the arrangotnentB 
lire fiiii’li I hat tlio f irofimiro i:^ kopt inmBtant. AnHuming th,at t!io oalorifio 
viiluo of tilts Iit|tiid find m 200)00 B.TIi.U.’b per Ih. anti that the Bptioific 
bent nt t'^imiiiiini |tre#4mirti of prodiiet» of eornbuBtion in t!ie Hiuno m 
tliiii of iiir, wiiat will he the tf’nrgKsraturo of thts htsatod ** air ” 

the eylinfler, if tlie ierniwatum of air anti fuel before oorn- 
wim W* F. I 

22. Air eicfairiik tinder a pkttm from a volume of I ca. ft, and 
immnm IMBllh irieh aim. to volumis ^oii. ft, and proMHuro 40 lb. 

per i'l. inch aim. A«iitmhig that tito prcuKure and volume vary during 
iMieonling to the law IW'^'-aeoiiMtant, find the heat 
Ifi Il.Tli.iL 

22. 'A gii« iuigirio worka with an iileal BubHtanee of eonaiant itpociflo 
ri^'*eiviiig and reje<;tirig heat at <k', mutant volume and witli adia- 
biilir efifiipre:4:4firi nad expanHioru The pinton diH|)lacc3rnf3nt pm* stroke 
m 1*2 eii* ft. iiml tlie idearanmj volume 0*15 cu. ft* Caloiilate the theo- 
fefie tlirffifinl elllrieney of the engine, taking y as 1-28* 

21. The eyc'le of operations in a gas-engine in as fetliiwi 

(l| Um m «»ofr4pres«f’il from V *1*70 eu, ft. to V.: -0*6 ou, ft. aoeording 
U$ tli« law [P being thcj pressure in lb. per 

#|, ifieli.J 

fill Oil explosion, the pressure rises to 420 lb, per aq. inch, the 

voliifiiii naiiatiiiiig mnmimt* 

|iii| Fi|mii«t#ri plaee till Y-«3*76 once more, tli© law followed 

being 

pv) Tliii pn^mr# WIs to I to initial valua, the voluin© reinaining S*76. 
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Draw out the PV diagram from theso data and find the mean 
effective pressure in lb. per sq. inch. 

25. A gas-engine works on an ideal cycle, with adiabatic compression 
and expansion, receiving and rejecting heat at constant volume. The 
piston displacement per stroke is 1 cu. ft., the clearance volume 0-2 
cu. ft., and at the beginning of compression tlio temperature of the 
cylinder contents is 600° F. absolute, the pressure being atmospheric. 
The engine receives 0-06 cu. ft. of gas per cycle (calorific value 600 
B.Th.U. per cu. ft.). Atmospheric pressure=14-7 lb. per sq. inch. 

Find — 

(i) Weight of cylinder contents. 

(ii) Pressure and temperature at end of compression [7=1*38]. 

(iii) Rise of temperature during explosion [neglect jacket loss and 

take C;=0*18]. 

(iv) Pressure at end of explosion. 

(v) Temperature and pressure at end of expansion. 

(vi) Efficiency of the cycle. 

(vii) Efficiency of an engine working on a Carnot cycle between the 

same highest and lowest temperatures. 

[Mech. Sc. Tripos, 1906.] 

26. In a gas engine trial, the curve of expansion was PV^’---=/j and 
of compression PV^‘^^=/c. The remainder of the lieat was received 
and rejected at constant volume. The highest and lowest temperatures 
were 2250° F., and 520° F. The piston displacement was 2*8 cu. ft. 
and the clearance 1 cu. ft. ; y=l*35. The initial i)ressuro was atmo- 
spheric. 

Find — 

(i) Temperatures at end of compression and expansion. 

(ii) Heat received and rejected during each operation. 

(iii) Efficiency of engine. 

27. An air-pump working in an airstrip takes air direct from the 

atmosphere where the pressure is 10 lb. per sq. inch. The inlet valve 
closes at the completion of the suction stroke, and tlie pressure is then 
just equal to that of the atmosphere. The mean pressure in tlie pump 
during the suction stroke is 2 lb. per sq. inch below that of the atmo- 
sphere. Neglecting clearance, and assuming that no lieat jiasses 
between the cylinder walls and the cylinder contents during tlie suction 
stroke, show that the volume of air (reckoned at external temperature 
and pressure) taken per stroke is 5*7 per cent, less than the stroke 
volume. The volumetric heat of air may be taken as 19*5 ft. -lb. per 
standard cu. ft. [Mech. Sc. Tripos, 1913.] 

28. A single-stage compressor is used to maintain the pressure in a 
receiver at 1,500 lb. per sq. inch while air is being drawn from the re- 
ceiver. Compare the work done per lb. of air if the law of compression 
is pv^'^=h with that done if the compression is isothermal. Specific 
volume of air at atmospheric temperature and pressuro=13*l cu. ft. 
per lb. 
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29. A building is to be heated by passing the air for ventilating it 
through a compressor which compresses it adiabatically, then throttling 
it down to atmospheric pressure on leaving the compressor. The air 
enters the compressor at 0° C. and leaves it at 25° C., and the flow of 
air is 80 lb. per minute. Calculate the power required (assuming imit 
mechanical efficiency). 

If the power thus usefully employed costs Jd. per k.w.-hour, com- 
pare the cost of heating thus with that when burning coal in a stove, 
the iron chimney of which passes through the air-duct and imparts 20 
per cent, of the heat of combustion to the ventilating air. The cost of 
coal is 0-ld. per lb. of calorific value 8,000 C.H.U. per lb. 

[Mech. Sc. Tripos, 1911.] 

30. Air is compressed adiabatically into a receiver of V cu. ft. capacity 
to m times the atmospheric density. Show that, if P be the atmo- 
spheric pressure in lb. per sq. ft., the work expended is 

^yrmv-m^ lb. 

L y — 1 

[Mech. Sc. Tripos, 1904.] 

31. Show that when a perfect gas is wire-drawn from one pressure 
to a lower one, without any gain of kinetic energy, the temperature is 
unaltered after expansion. 

32. In an ideal diagram of a Diesel engine, the gas is compressed 
adiabatically from volume to Vg, then expands from volume Vg to 
Vg at constant pressure, further expands adiabatically from Vg to Vj 


and finally rejects heat at constant volume Vi- 
efficiency may be expressed as 

/ 1 \r-i 117 — 1 

^-(7) 

Vx 
'Vx 


Show that the thermal 


y(R-l) 


where r= 


and 


V* 


33. If the gas-expansion law in a four-stroke cycle be PVv = const, 
prove that the mean effective pressure is equal to 

(r— 1) (y-l) 

where r is the compression ratio, 

Tj is the air- standard efficiency, 
and the pressure, on explosion, 
rises from P^ to Pg. 

34. The shaded area in the 
diagram represents a constant- 
volume cycle. If the expansion 
be continued to the point 4 
before exhaust, and if the line 01 
that the efficiency is given by 



be a constant-pressure line, show 
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where R is the expansion-ratio and r the compression- ratio. 

35. Show that if the expansion in the above figure were contim 
until the pressure at point 4 were equal to that at point 0 (as in 
Humphrey pump), the efficiency would be 


ri=l—y 


Tg-T, 

Tg-T, 


36. In a Diesel engine cylinder, boro 7 in dies, the law of cc 
pression may be taken as PV^’^®=const., wliilst the compress 
pressure is 500 lb. per sq. in. (abs.) when the compression space ha 
volume of 40 cu. in. Show that to increase the compression press 
by a small amount, AP lb. per sep in., at the foot of the connecting r 
a liner may be inserted of thickness (in thousandths of an inch) gi^ 
by about 1-6 AP, [Mech. Sc. Tripos, 1921. 


CHAPTER III 


Combustion and Explosion 

ClIEMICAl. COMBHCJSTION DUGAU) ClERK’S AOSTD GrOVEE’S EaRLY 

Experiments on Explosion in Closed Vessels — Discussion 
OP Results — ^Increase of Specific Heats of Gases — Dissocia- 
tion — “ After-burning ” — Later Explosion Experiments — 
Time of Explosion — Turbulence — Gaseous Explosions Com- 
mittee. 

44. Chemical Combustion. — ^Instances of chemical com- 
bustion are manifold. Two among the commonest are the 
burning of coal, and the oxidation of the carbon in food which 
is the source of the heat energy given out by the human body. 
In place of coal, it is possible to burn gas made from coal and 
so obtain either heat or light. In a gas engine cylinder, gas 
and air are first mixed together and the whole mass ignited 
at once, so that the union is explosive. Useful figures to 
remember are that 1 lb. of coal on being burnt will liberate 
about 12,000,000 ft.-lb. of energy, a cubic foot of coal gas 
will liberate about 550,000 ft.-lb., 1 lb. of petroleum about 
18,000,000 ft.-lb., and 1 lb. of petrol some 15,000,000 ft.-lb. 
These are very large amounts, and were it possible to invent 
a heat engine of 100 per cent, efficiency it is plain that a very 
liberal supply of energy would be obtainable at little cost. 
With existing engines 1 lb. of coal with potential energy equal 
to 12,000,000 ft.-lb. will only give in energy on the brake 
about 3,000,000 ft Ah. with the best steam engines and 4,500,000 
ft.4h. with the best i.c. engines, the waste energy being 9,000,000 
ft.-lb. and 7,500,000 ft.-lb. respectively in the two cases. 

The loss of 7,500,000 ft.-lb. which occurs in an i.c. engine 
is divided between the loss to the water in the cooling jacket 
and the loss which occurs owing to the exhaust products 
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being at a high temperature and so carrying off a large Unutil- 
ized portion of the heat. The loss to tlie cylinder walls is the 
more difficult to follow in all the intricacies of the working 
cycle. The cooling jacket is necessary as without it the 
piston and cylinder would get almost red hot and the engine 
would stop running. The teinperaturc-fiow through the 
metal depends on the position of the piston in its stroke, but 
it is difficult to determine the precise relation sliip. 

45. If, after a charge of gas and air lias been drawn into 
a gas engine cylinder, the flywheel be held so that it cannot 
move and the charge be then ignited, a rapid rise of pressure 
is recorded on the indicator. It ought, one might think, to 
be easy to calculate what this rise would be, since the quantity 
of gas and air admitted and tlicir quality are easily deter- 
minable and the amount of thermal energy liberated is there- 
fore known. If this amount of energy be divided by the 
amount of heat required to heat the mixture through one 
degree Cent, it is clear that the resulting temperature would 


be 


ascertained, and from tliis it would be simple by the 


PV 

T 


law 


to determine the resulting pressure. Tliis had often been 
done, but it had always been found that tlic pressure actually 
obtained was only about one-half tiiat calculated. Here are 
the actual figures obtained in some experiments carried out 
many years ago by Dugald Clerk — 


Ratio air /gas 

Absolnto Prossuro 
Obtained 

Abso 1 u to I b’o.ssu ro 
Calcula-tod 

14 

lb. per sq. inch 

55 

lb. per Rq. inch 

110 

13 

6()i 

116 

12 

75 

123 

11 

76 

132 

9 

03 

161 

7 

i02 

190 

6 

1 105 

214 

5 

106 

206 

4 

95 

196 


* Except in cases where a cooling air blast is provided. 
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On an average there appears here to be a loss of as much 
as 50 per cent, of the pressure. Why is this ? 

46. Several explanations have been put forward to account 
for this loss. The most important are — 

1. The Dissociation Theory. — It is well known that chemical 
compounds such as HgO or CO 2 dissociate at high temperatures 
into simpler gases and in so doing absorb heat. It has there^ 
fore been thought that at the high temperatures of explosion 
such dissociation would occur and the heat so absorbed might 
account for the missing 50 per cent. This assumption, how- 
ever, involves the deduction that for weak explosions, in which 
low pressures and temperatures were attained, the effect should 
be much less, so that the actual pressure would form a much 
larger proportion of the calculated pressure, and the converse 
in the case of rich mixtures. As a glance at the above figures 
will show, this, however, is not the case ; at the weakest 
mixture of 1 to 14 the missing pressure is 50 per cent., and 
at the richest of 4 to 1 it is 52 per cent., or practically the same. 
This theory alone therefore does not suffice to account for 
the observed facts. 

. 2. The Cooling Theory. — ^This assumes that the cooling 
effect of the cylinder walls is so great that the pressure actually 
obtained must fall much below the ideal calculated. It 
does not explain, however, why the loss should be always 
50 per cent, in the particular cylinder used, nor, moreover, 
does it explain why a 50 per cent, loss is found still to occur 
even when a cylinder of a different size and shape is chosen. 
So that this theory also is inadequate in itself to explain the 
observed effect. 

3. The Increasing Specific Heat Theory. — This is the theory 
advanced first by MM. Mallard and Le Chatelier, who found 
as the result of their experiments that the specific heat of gases 
and particularly of CO 2 appeared to increase considerably 
with rise of temperature. The objection commonly alleged 
against this theory is that, as in the Dissociation Theory, it 
requires that a greater proportion of the ideal pressure should 
be obtained at lower temperatures than at higher, and that 
this is not found to be the case. 

4. The After-burning Theory. — ^This theory has chiefly 
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been associated with the name of Dngald (lerk, who sug- 
gested that the combustion of tlie gas was not as rapid as 
supposed and that nob all the heat was li}>erated l)efore the 
■moment of highest pressure. It assumed in fact that the 
gas was still burning long after the point of maximum pressure 
and that the cooling effect of the walls had therefore a much 
longer time to operate than liad ])cc^n gcmerally supposed. 
In an actual gas engine this would mean that tlie gas would 
be burning right through the working strolcc, and that it must 
sometimes happen that unbiirnt gas would pass away in the 
exhaust. The objection to this theory lies in the fact that 
it has never been shown conclusively that the explosion is 
not complete at the point of liighest temperature. Indeed 
the evidence is rather the other way. It is not usual to find 
that the exhaust contains more than a very few per cent, of 
unburnt gases, and it has moreover l)ecn shown tliat a com- 
plete heat balance analysis can be olitaiiicd without the need 
of any such hypothesis. 

47. Thus there are four simple theori(‘rs, of which none 
appear to be sufficient in themselves to account for the observed 
loss. The difficulty is so fundamental a oiui tliat still further 
theories compounded of the above have liccn put forward. 
Dugald Clerk made the suggestion, as will be explained later 
at greater length, that the '' suppressed ” 50 per cent, may be 
accounted for on the supposition that part is due to the after- 
burning loss and part to a certain increase in. specific heats. 
The author has seen no reason to modify tlie suggestion he 
put forward at the meeting of the British Association * in 
1902, viz. that the so-called ‘'suppression of temperature” 
is probably due to the combined action of cooling and of 
increase of specific heat on the lines suggc.stcd by the French 
physicists, MM. Mallard and Lc Chatelicm. Although the 
increase of specific heat left a larger proportion of loss to be 
accounted for at low temperatures than at high ones, this 
was sufficiently explained by the fact that the ignition period 
was much longer at low temperatures and so allo'wed the cool- 
ing effect to have a longer time for action than it 'would have 

* The Engineer, October 10, 1902 ; Engmeermg, October 10, 1902. 
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at high temperatures. This meant that for Treak mixtures 
the 50 per cent, loss was mainly due to cooling, for rich mixtures 
mainly due to increase of specific heat, and for intermediate 
mixtures was due to a combination of the two. 

Dugald Clerk’s early experiments consisted in indicating 
explosions of mixtures of air with Glasgow and Oldham gas 
in a closed cylinder 7 in. hy 8|: in. The indicator registered 
pressure p on a rotating drum driven at a known constant 
speed, so that curves were obtained showing the relation 
between p (pressure) and t (time) during the explosion and the 
subsequent cooling of the gas to the walls and ends of the 
cylinder. From the diagrams so obtained it was of' course 
possible to measure the time occupied hy the explosion, and 
the subsequent rate of fall of pressure due to cooling. At the 
time these experiments were made the specific heat was thought 
to be constant and it is important to note how greatly its 
now known increase with temperature afiects the calculated 
pressures, particularly if for the moment MM. Mallard and 
Le Chatelier’s figures be adopted. That there are objections 
to the method of experimenting by which the Trench physicists 
obtained their results is well known. In fact Prof. Callendar 
has remarked: ^'The method of experiment employed was 
closely analogous to the explosion that was taking place in 
the gas engine itself. Explosive mixtures were fixed in a 
closed cylinder 17 in. hy 7 in., and the maximum pressure 
was read by means of a Bourdon gauge.’’ Since the date of 
their experiments other measurements have been made, and 
these will in due course he discussed; but the increase of 
specific heat with temperature is undoubted, and for the 
present purpose Mlt. Mallard and Le Chatelier’s figures are 
taken as illustrative. If the theoretical temperature of 
explosion is calculated from these values the difference from 
the observed value is much less. Thus a column may now 
be added to the table last given and the results are also shown 
in Fig. 15. 

It will be seen that in the case of the weakest mixture the 
50 per cent, loss has been reduced to 34 per cent., and in the 
case of the richest 52 percent, has been reduced to 23 per cent., 
showing a step in the required direction. The balance is 
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- — 

Ratio air /gas 

Absointo Prossiiro 
Obtained 

Absolute Pressure 
Calculated on 
( Constant 
Spc'ciiic Heat 

Absolute Pressure 
Calculated on. 

V ariable 
Specific Heat 

14 

55 

no 

83 

13 

GG.l 

no 

86 

12 

75 

123 

90.1 

11 

7() 

132 

95“ 

9 

03 

IGl 

107 

7 

102 

190 

121 

G 

105 

214 

131 

5 

10(> 

20() 

127 

4 

95 

19G 

123 


taken to be made up of convection and radiation losses. The 
convection loss to the cold walls of the containing vessel 



Points marked O are Dugatd Clerk's Results. 

Fio. 15. 
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takes place at all temperatures ; tlie radiation loss on the 
other hand is important only at the moments of highest 
temperature. Prof. Hopkinson has shown that the cooling 
losses depend also on the state of the inner surface of the 
vessel, whether bright or blackened. 

The law of cooling of gaseous mixtures enclosed in metal 
cylinders of stated dimensions is not easy to apply to the case 
of ordinary gas engines. First, because the connexion between 
the rate of loss of heat and the dimensions of the cylinder is 
very complicated, hut even more because in an ordinary gas 
engine cylinder the temperature of the cylinder walls and of 
the piston are so very different that conditions sometimes 
arise in which while the gas is being heated by the piston it is 
at the same time being cooled by the cylinder walls, a condi- 
tion of affairs in no way analogous to that holding in the above 
experiments. 

48. Grover’s Explosion Experiments. — ^At the time these 
calculations were made the only other well-known experi- 
ments upon the explosion of gases in closed vessels were those 
of Grover, and at the British Association meeting in 1903 
an endeavour was made to show how far the combined variable 
specific heat and cooling theory would go towards explaining 
the very remarkable results obtained by Grover, which in no 
way resembled those obtained by Dugald Clerk, inasmuch 
as the former found much lower pressures and came to the 
unexpected conclusion that the retention of waste products 
in a gas engine cylinder increased the pressure of the ensuing 
explosion, an astonishing result having regard to the great care 
taken by most gas engine manufacturers to sweep out the 
greatest possible amount of the products of old explosions. 
The great difference between the maximum pressures obtained 
by Dugald Clerk and Grover is illustrated in Fig. 16. 

It was Grover’s idea not only to measure the pressures 
produced by various richnesses of mixture of coal-gas and 
air, but to investigate whether the resultant pressure on 
explosion was affected by replacing the air in excess of 
that calculated as chemically necessary for complete com- 
bustion by a portion of the burnt products of the previous 
explosion. Now it appears from Grover’s account of the 
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experiments that he had an iron (•.ylinclcvr of one ciihic foot 
capacity, and that in each scries of expeiHiumts the volume 
of the coal gas admitted was kept constant and the cylinder 
was then filled with a mixture of air and waste products in 
various proportions. This was done in each series by filling 
the cylinder with water, and allowing gas to enter whilst a 
known volume of water was run out. Thus after an explosion 
water was allowed to pass into the cylinder until all but the 
required volume of burnt products had been forced out ; so 
that if it were desired that no burnt products should be left, 
the cylinder would be completely filled with water, but if, say, 
50 per cent, of the volume of the cylinder was required to 
contain burnt products, the water would only be permitted 
to rise half-way up the cylinder. 

The pressure was recorded in the customary manner on 
a rotating drum, but very few of the curves are given in the 
published account of the experiments, and it is therefore 
difficult to make a very exact comparison Ijctween the time 
rate of fall of the pressure after explosion in Grover's experi- 
ments (using, of course, those experiments in which no burnt 
products were admitted) with tliosc of Dugald Clerk. 
However, so far as the curves can be examined, they sliowfor 
the same pressures almost exactly the same rate of fall, a result 
which is the less unexpected, as the diameters of the two 
cylinders appear to have been nearly equal. 


Ratio of Air to Gas 

PresHuro Oh.sorvcd 

Pressun^ (Jalculutcd 


(Absol.) 

(AbHoI.) 

15 

31 

73 

U 

39 

76 

13 

46 

79 

12 

51 

83 

10 

63 

92 

8 

77 

104 

6 

77 

119 


The curves (p. 55) show the actual pressures plotted with 
respect to ricliness of mixture for the experiments of both 
investigators. It is seen that Grover’s curve lies far below 
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Dugald Clerk’s. This cannot be due entirely to the different 
cylinder volumes used (317 and 1,728 cubic inches), or to 
differences in the chemical constitution of the gases, because, 
as will be seen from the intermediate curve, there is little 
disagreement between the results obtained by Dugald Clerk 
and by Douglas, although the results * obtained by the latter 
were for gases enclosed, not in iron cylinders, but in a eudio- 
meter tube. If the use of a eudiometer does not produce 



Fig. 16. — Explosion curves showing much lower pressures obtained by Mr. 
Grover than by other observers. 


results more different from Dugald Clerk’s than this, the pre- 
sumption certainly is that some factor must have entered 
into Grover’s experiments which had entirely masked his 
results. A suggestion as to what this factor could be has been 
made by Grover himself, for in describing one experiment 
he says : ‘'The difference is no doubt due to the fact that 
water was present on the walls of the cylinder ” ; but Grover 
did not consider apparently that this presence of water affected 

♦ See The Engineer, April 22, 1887, and November 7, 1902. 
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liis coiudusioMS on ilu‘ sul)j(‘ct g(‘ii(‘raJly conclusions which 
are sot forth in his Mud am (ind Oil Kv{jrn.aH, 

49. Later Experiments.— 1 n addition to the (‘ar*Iy experi- 
ments of Diigald (llcrk and (h*ov(n\ sonu^ work in the same 
direction was done at the jMassachusclls Institute of Tech- 
nology, but it does not appear tluit any dctiMite conclusions 
were drawn therefrom. .LatcT experinic'nts have been made 
by Dugald (■lerk, Hopkiuson, and Ihurstow and Alexander 
at the Royal College of Science. ^.taking the last first: 
Bairstow and Alexander'’s experinumts made on mixtures 
of London coal gas and air in a cylinder IS in. long and 10 in. 
in diameter, pressures were indicated on a rotating drum, 
and the results of the investigations wcr(^ c‘onrinunieated to 
the Southport meeting of the British Association in 1903 , and 
to the Pvoyal Society two years later, '^riie chief interest of 
these tests lies in the fact that various initial pressures were 
used, instead of tlie atmospheric initial pressin-c used by 
earlier experimenters. The following table gives a selection 
from their results — 


BoYAL ColLKCJE of SciKNCK KxCKRI.Ml'lX'rS. t’xr‘LOSIONS IN 
Closed Vessel; Various Initial ]0iessi:rks and two Mixture 
Strengths. 




Itiilial 

i 1 

1 

' .Ma.\*. Ui’css. 

'rinio to 

Mixturo 

Prassurd 

1 Itiiluil 

observed 

reneli tliis 



Jb. })<*r 

'I'cmp. 

11). ]n>r 

pressuri!. 



sij. in. 

“C. 

H(|. in. 

sees. 

Air 

Cctlrt 

llll.S. 


abn. 

! 



0 

0-1 GO 

^4*8 

23*5 

348 

0*042 

1 


0*172 

34*r> 

22 

270 

0*04.1 


!i 

0*170 

24*7 

1 21 

1 80 

0*041 


1 1 

0-!(i8 

14*55 1 

! 21 

112 

0*03() 

1 

u 

0*1 GG 1 

0*71 ! 

’ 24*5 

G8 

0*05 


ll 

0-lGG 

7*18 ; 

24 

47 

0*10 


ri 

0-103 

44*7 ^ 

ir,*5 

238 

0*33 



01 05 

34*G ; 

18-G 

1 85 

0*35 


1 1 1 

0-104 

24*7 i 

20*0 

12G 

0*41 


I i 

0-107 

14*4 1 

21*0 

74 

! 0*44 

1 

1 

0-104 

9*5 * 

21*5 

4G 

i 0*50 


ll 

0-107 

7*0G i 

22*0 

33 

: 0*50 
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Details of these experiments will be found in Dugald Clerk’s 
book on The Gas Engine, Vol. I. It is left as an exercise 
to students to compare these explosion pressures with those 
theoretically obtainable, taking the Gaseous Explosions 
Committee’s figures for specific heats. 

50. Turbulence. — In 1900 Dugald Clerk measured the 
time occupied in the explosion of coal gas and air from 
the moment of ignition to that of maximum pressure. The 
following were some of the times for various ratios of air to 
gas. 


Volumes of air to one 
volume of gas 

Time of explosion 

11 

0-290 sec. 

9 

0-165 „ 

7 

0-067 „ 

6 

0-055 „ 


These figures were obtained from explosion experiments in 
closed vessels in which the mixture before explosion was at 



Fig. 17. — Indicator diagrams showing effect of Turbulence. A B is explosion 
curve when charge is fired on first compression stroke ; duration of 
explosion 0*037 second. C D is explosion when charge is fired upon the 
third compression. ; duration of explosion 0*092 second. 


rest. They may be compared with those in the table on 
p. 56. When the mixture is turbulent the time of explosion is 
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very much shorter, in a woihin^- <j:a.s en.i'hic for iiisiaiice the 
times of explosion arc juu(*h less than any of tJiO a})ove figures. 
Indeed did the explosion lake as long as in the adiove table, the 
working of tlie engine would 1)0 quite impossible. A small gas 
engine can be made to run at (iOO r.p.ni. so that each stroke 
occupies onty 0*05 sec., and the ex plosion is usually completed 
in quite a small fraction of the stroke*, whicli show^s how much 
more rapid the explosion must be when there is turbulence. 



The effect of turbulence is well sliown in b'ig. 17, wliich is 
reproduced from some indicator cards taken by Dugald Clerk, 
In the one case we have the normal diagram produced by 
normal ignition arrangements, whilst in the other tlic turbu- 
lence which the gaseous mixture had during the suction 
stroke has intentionally been given time to die down before 
the spark is passed. The effect of this delay is seen in the 
changed diagram, which illustrates clearly the continuance 
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of combustion throughout the whole length of the expansion 
stroke. 

51. Hopkinson. — series of explosion experiments was 
undertaken by Prof. Hopkinson and communicated to the 
Royal Society in 1906. The vessel is shown in Fig. 18. A 
is the sparking point, B, C and D are platinum thermo- 
meters. Thermometer B is practically at the centre of the 
vessel, C is about 30 cm. distant from the spark and D is about 
1 cm. from the walls of the vessel. A record of the pressure 
was taken on the same drum as that upon which the tem- 
peratures were electrically recorded. The indicator* was 
very simple, consisting as it did of a piston controlled by a 
flat steel spring held at the two ends. As the spring was 
deflected a mirror tilted and so threw a beam of light on to 
the moving film. The period of the instrument was about 
-g- J-g- sec. Fig. 19 shows the result obtained in the form of a 
graph. The following table serves also to show the actual 
indications recorded by the electric thermometer placed at 
the centre of the vessel : — 


Time 

Secs. 

Resistance 

Ohms 

Rise of Resistance 
Ohms 

* 

Temperature in 
Degrees C. 

0*008 

22*05 

12*4 

560 

0*024 

30*3 

20-7 

995 

0*041 

32*7 

23*1 

1,135 

0*057 

33*1 

23*5 

1,165 

0*074 

33*1 

23*5 

1,165 

0*09 

34*0 

24*4 

1,225 

0*107 

34*5 

24*9 

1,260 

0*123 

34*7 

25*1 

1,275 

0*140 

34*7 

25*1 

1,275 

0*173 

36*6 

27*0 

1,400 

0*26 

wire melts 


1,710 


An investigation had also to be made into the question of 
the existence of a time and temperature lag in the temperature 
recorded by the thin platinum wire. Prof, Hopkinson found 
the temperature of the wire to lag materially behind that 
of the gas when the latter was changing rapidly. To measure 
this, wires of two different thicknesses were used, viz. 

♦ See Fig. 40, 
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ill. and in. respectively, and by a c(iiii|)aiToii of tli® 

re^siilts obtained Prof. Hopkinson was aide to iind the 
of the correction which he considered it nece^^a!•\’ to einpl^^y' 
The most important of the conclusions react a^d by 
experimenter, who, he tells his readers, earned out 
experiments, largely with the object of iiiidiiig tiie 
of the so-called ‘ suppression of heat ' in explosions. “ i> 
his experiments appear to prove that even hi the 
mixtures, co7nbustion,ivIie}i once iniilaied at any jmnt, is 
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insfanianeonshj complete. Moreover, he adds, they sliow 
that the specific heat of the products is very much greater* 
high temperatures than at low, and the extent of the difference 
seems to justify the view that it is the main reason of the so- 
called “ suppression of heat.” 

52. In addition to these conclusions Prof. Hopkinsoii found, 
certain differences in the temperature of the gas in differ 
pirts of the vessel, and this supports the results obtained by 
Prof. Burstall in his gas engine trials for the Institution of 
Mechanical Engineers. In experimenting with a rich mixtnice 
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(air/gas = 9) Professor Hopkinson found that at the moment 
of maximum pressure the distribution of temperature in his 
vessel was roughly as follows — 

Mean temperature (inferred from pressure) , 1,600° C. 

(a) Centre near spark ..... 1,900° C. 

(b) 10 cm. within the wall (C, Fig. 11) . . 1,700° C. 

(c) 1 cm. from wall at end (D, Fig. 11) 1,000 tol,300°C. 

(d) 1 cm. from wall at side .... 850° C. 

It is explained that '' at points a, b and c the gases can 

have lost but httle heat at this time, and the differences of 
temperature are almost w^hoUy due to the different treatment 
of the gas at different places. At (a) it has been burnt nearly 
at atmospheric pressure, and compressed after burning 
to about atmospheres absolute, while at (c) it has been 
first compressed to about six atmospheres as in a gas engine, 
and then ignited without any subsequent compression. At 
the point (d) much heat has been lost, since this is the first 
point on the wall reached by the flame ; the gas here is ignited 
when the pressure is about tw^o atmospheres, its temperature 
rises instantly to 1,300° C. and at once begins to fall.” 

Hopkinson show^ed that during explosion the gradually in- 
creasing pressure at the point at which the ignition started 
led to a hot spot at that point. The temperature was higher 
the more rapid the burning and highest in the case of the ex- 
plosive burning called detonation. This leads to the ignition 
points becoming red hot and consequent pre-ignition in subse- 
quent revolutions. Since pre-ignition has a disastrous effect 
on the thermal efficiency of internal combustion engines, it is 
very necessary to prevent detonation ; moreover, the shock on 
the engine itself of the detonation wave — '' knocking ” or 

pinking ” — ^is in itself undesirable. (The cause of detonation 
has long been a subject of discussion ; its origin is obscure and 
its relationship to change of fuel composition is doubtful. 
Tizard * suggests that detonation will occur only if, some 
time before combustion is complete, the whole or part of the 
gas exceeds a certain temperature, different of course for 
different fuels.) Finally it may be recorded that Professor 
Hopkinson in comparing the behaviour of rich and poor 
* N.E. Coast Inst, of E. &> S., May, 1921. 
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very iniieh sooner. Tlte tlitlerenee i !i t he l.^elui vi i or 1 1' " h i - “W pat 
aiui ^tneng mixtures is wIkjIIv due to tlie very -lew 
of rlame in the former: in a 9 'I. inixtnretr.e 
-eeins to travel about ten times as fast in the l:2,T mixtiireN’ 

Professor Hopldnson has also measured tlie Tiir:|.;erait i^ro 
ef the air in a cylinder when the engine is turned by an eleetrio 
iiiOtor. The air is then compressed and expanded alinosst 
adiabatieally. It was found that at the top of erv*npre-sio3^ 
tiie temperature of the air half a centimetre from tlie wall wa-'S 
some 3t» deg. C'ent. less than it was in tlie eentiv. At |)v:>iivt.s 
nearer tlie walJ. that is, within 1 mm. the teiii|)eratrii‘e fell 
of? very rapidly — although still materially altove that of the 
wall face even at a distance from it of only min. 

53. The ‘‘Zig-Zag''" Experiments.— In ihcu.:; Dugih,! CMex-k 
r'oiiiiiiiiiiieated to the Royal Society the results of -onie explo- 
sion experiments he Iiad made by a new nietliod to deteriiiiii-O 
the Yoliiinetrie lieat of the gaseous mixture used in the ga-s 
engine. According to that description this eoll<i^ted in 
running a gas engine under the ordinary standard conditiouLS, 
and then at a given moment preventing the exluuiAt an. cl 
inlet valves from opening, and at the same time taking a series 
c-f indicator diagrams. These diagrams showed a iii.iiii1o€5;r 
of expansion and compression curves with the pressiiros 
gradually falling as the gas cooled. Fig. 20 is a representation 
of a series of curves so obtained. From the sliape of sue la 
ciinvs it is possible to calculate what is oeeiirriiig to tiro 
gas in the cylinder. The following explanation of tlie iiietlioci 
is given in the First Report of the B. A. Gaseous Explosions 
Committee: ‘'The calculation is based on the assiinipition 
til at tlie total heat loss from the hot gases during any 
portion of a stroke is the same in expansion and eoiiipressioia 
if the mean temperature be the same. In the first eompressiojo. 
the temperature of the gas rose to about 1100'’ Ck (at tlie 
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point C, Fig. 20). During the first three-tenths of the following 
expansion stroke (CD), the temperature fell to about 700'' C. 
The work done in this part of the expansion was measured 
and the heat loss determined as above was added. Thus the 
change of internal energy corresponding to the temperature 
change 1100° — 700° is obtained. The average volumetric 



Fig. 20. — Diigald Clerk’s “Zig-Zag” curves. 1/9 mixturew 


heat over this range is within the errors of experiment equal 
to the volumetric heat at the mean temperature of 000° C., 
which accordingly is by this method determined direct instead 
of by difference, as is necessarily the case when (as in some 
other experiments) the whole internal energy change associated 
with complete cooling of the gas is measured."’ 

The volumetric heat figures thus found by Clerk are given 
in the following tables. 


Volumetric Heat (Instantaneous) of Working Fluid. 


Temperature 

Volumetric Heat 

Temperature 

Voly metric Heat 

Degrees C. 

Ft.-lb. i 

Degrees C. 

Ft.-lb. ■ 

0 

19-6 1 

800 

26-2 

100 

20-9 

900 

26*6 

200 

22-0 

1,000 

26*8 

300 

23-0 

1,100 

1 27*0 

400 

23*9 

1,200 

i 27*2 

500 

24-8 

1,300 

27*3 

600 

25*2 

1,400 

! 27*35 

700 

25-7 

1,500 

j 27*45 
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Mean Volumetkic Heat oe Working Fluid o\-er Temperatukss 
Range shown 


I’emf^rature 

Volumetric Heat 

[i Temperature 

j Volumetric Heat- 

De^^rees C. 

Ft. -lb. 

Degrees C. 

j Ft.-lb. 

0—100 

20-3 

0—900 

23-9 

0—200 

20-9 

0—1, coo 

24*1 

0—300 

21-4 

0—1,100 

24-4 

0—400 

21-9 

0—1.200 

24-6 

0—500 

22-4 

0—1,300 

24-8 

0—600 

22-8 

0—1,400 

250 

0—700 

23-2 

0—1,500 

25-2 

0—800 

23-6 


— 


It will be observed from the above that although the appar- 
eiit specific heat was found to increase with rise of temperature^ 
it tended towards a limiting value. The increase found for 
the first 500^" C. was far more than for the last 500°. This 
conclusion does not quite accord with the experiments of 
other workers. 

54. Gaseous Explosions Committee.— This Committee was 
appointed by the British Association in 1907 for the Inves- 
tigation of Gaseous Explosions, with special reference to Tem- 
perature.’’ No other work has thrown so much light upon tho 
theory of the internal combustion engine as have the labours 
of this Committee. One of the first tasks undertaken was Sb 
thorough sifting of the experimental work bearing on the riso 
of specific heat of gases with temperature. This experimenta.1 
work was divided into three classes : — 

(1) Constant-pressure experiments : Regnault, Wiedemann. , 
Witkowski, Lussana, Holborn and Austin, Holborn and Hen- 
ning. The gas is heated from an external source in theso 
experiments, and is at atmospheric pressure. 

(2) Experiments in which both volxime and pressure are 
varied, the gas being heated by compression. The above 
mentioned experiments of Clerk and the determinations of the 
velocity of sound in hot gas by Dixon and others belong to 
this class. 

(3) Constant-volume experiment. To this category belong 


t^riMfirsTIiiX AXt> KXPt.<KSluX 


rii.iF. iii| 


ill 


till* «»f ,\litllunl nml Lv i 

LfiiiMf‘fi, l*i*t livt’l, liNjikifiMtii, mil! nml July’s {|i‘fi‘r* 

niiiiiiliriris witli llii^ lit I hr is\phrs«m rx** 

{irrimriits tJir 1411^ is iii*;itri! liy iulrriinl r? itiihtiHf tun. 

It rrsiilt uf n ftill fif this Inr^r I'HiJi'r!-* 

Minifrii triirk fim f'liiiiitiit lfi* jiiihlishi^cl ii citrvt* uf itilii'ital 
I'liiTHy lif viiriuii-H fritijmraliirrH fur tin* rn^itir tit'xlMi'f* 
witli Clurk hiwi rxpc.Titmnittai (Air/ilnH It/I), itJtJ tiu.H 



Fm, - nrt'ith’ Ifuit..* fiffii V*i|fl!ftli4rWt lif Ifl flfc 


fiirTr ill Hiiiililiy iii*idilii*cl furin in ri*prfH!nrrcl in Fig. un 
ji. 1 M. 

Tlir* tiiiiifrnl III finy jioiiil uf IIiim mirvo m a nmiiHun^ M Ihn 
i^f rriiir linil iit fliiil [Miitif, mill it is friumt t lint tliF fn!lcnvin|4 
ItfP'iir i^f|iifitiui'i Hit* liriit within thr liriiitH 

Ilf iMjii'riiriinifjil m’rnrmy 

f -f n^iitnnTit 1 * 

fir In iJtir'r tin it 

I riltinifi rir liriif ItMi f UHHfH*! T in ft.Jh, |)i*r cubic 

fruit, 

Tlib is illii-Jfiilcfl ill ¥iu. 





66 THE INTERNAL COMBUSTION ENGINE [chap, iir 


The following table gives the actual values. 


Temperature 

c. 

Volumetric heats 

Deg. Cent. 

250 

0-19 

Ft. -lb. per standard cu. ft. 
21 

750 

0*23 

24 

1250 

0-27 

28 

1750 

0-30 

33 


Although these values refer to the expanding gases in a gas 
engine, they may also be applied with approximately correct 
results to the gaseous mixture before explosion. Using this 
table it is possible therefore to estimate temperature rises 
corresponding to various amounts of heat energy supplied. 
The temperatures so estimated will, of course, only be approxi- 
mately correct, unless the temperature range happened to be 
centred around one of the above temperatures. It is in- 
teresting to compare this table with that on p. 63. 

54a. Recent Experiments. — Closed vessel explosion experi- 
ments were also made at Cambridge by W. T. David.* His 
apparatus is shown in Fig. 21a. The vessel consisted of a cast- 
iron cylinder 30 cm. in diameter and 30 cm. long. Its volume 
was 0*788 cu. ft. The mixtures were ignited by means of 
an electric spark in the centre of the vessel and the pressures 
recorded by a Hopkinson optical indicator which reflected 
a spot of light on to a revolving photographic film. The 
radiation was measured by a platinum bolometer on the far 
side of the fluorite plate : fluorite was chosen because it is 
transparent to radiation of the wave lengths emitted by hot 
gaseous mixtures. The rise in electrical resistance of the 
bolometer, measuring the heat received, was noted by means 
of a reflecting galvanometer which reflected a spot of light 
on to the same rotating film as was used for pressure recording. 
Fig. 21 b shows the nature of the information thus obtained. 

David concluded from these experiments that mixtures 
of coal gas and oxygen produce much lower pressures when 
mixed with CO 2 than when nitrogen is the diluting gas. The 
CO 2 also slows down the rate of combustion. David suggests 
* Phil. Mag., 1920. 
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Fig, 21b. — ^David’s curves for gas temperature (suffix r), total radiation 
(suffix n), and rate of radiation (dotted) for three different 
mixtures. 

molecular energy. If the chemical equilibrium is destroyed, 
as in the case of an explosion, the partition of energy between 
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CO, 


Temperature 

Pressure (Atmospheres) 

0*1 

1 

10 

100 

1,600° 0. 

•1 

*05 

•02 

•01 

2,000° C. 

4.4 

2-05 

•96 

•45 

2,500° 0. 

33*5 

17*6 

8-63 

4-09 

3,000° C. 

77*1 

54-8 

32-2 

16-9 


H2O 


1,500° C. 

•04 

•02 

•01 

•004 

2,000° C. 

1-25 

•58 

•27 

•125 

2,500° C. 

8-84 

4-21 

1-98 

•927 

3,000° C. 

28-4 

14-4 

7-04 

3-33 


The degree of dissociation in the above table is expressed 
as a percentage. Thus at a pressure of OT atmosphere and 
a temperature of 3,000° C., 77*1 per cent, of the CO 2 originally 
present has split up into its constituents CO and O 2 according 
to the equation 

2G0,=2C0+0,, 

Under similar conditions steam would only dissociate to the 
extent of 28-4 per cent. The dissociation of steam and carbon 
dioxide absorbs a certain amount of heat. As the gases 
recombine on expansion, this heat is again set free. The 
adiabatic of a dissociated gas thus differs considerably from 
that of a gas which does not dissociate. The composition 
of the working substance in an internal combustion engine 
will thus generally alter during the working stroke and the 
alteration will be greatest in the case of strong mixtures. 

Pier and Bjerrum were the first who clearly separated the 
heat changes due to dissociation from those due to changes 
in temperature. Their specific heat values as given in the 
foUowmg table are thus '' absolute ’’ values compared with 
the “ apparent ’’ values obtained by previous experimenters. 
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Mean Volumetric Heats in Foot-Lb. per Cubic Foot. 
(No dissociation.) 


100° 0. to 

500° C. 

1 , 000 ° c. 

^ 1,500° C. 

2,000° C. 

2,500° 0. 

3,000° C. 

Nitrogen 

20-5 

20*9 

21-8 

22*8 

23-8 

25 

Steam . 

24-7 

27-5 

30-2 

33*4 

38-4 

44-4 

Carbon 







Dioxide 

32-7 

37-8 

399 

41-6 

43-1 

43*4 


Using the above figures, the instantaneous values of the volu- 
metric heats of the Clerk gas mixture have been calculated 
by Mr. W. J. Stern, first assuming no dissociation and secondly 
bringing in the amount of dissociation according to Pier 
and Bjerrum’s experimental data. The figures of the Gaseous 
Explosions Committee have been added for comparison {see 
p. 66). 


Temperature 

Volumetric Heat in ft. -lb. per cu. ft. 

No dissociation 

With 

dissociation. 

G.E.C. 

Deg. Cent. 




250 

21 

21 

21 

750 

24 

25 

24 

1,250 

27 

29 

28 

1,750 

30 

33 

33 

2,250 

33 

37 

— 

2,750 

37 

42 

— 


It will be seen that the effect of dissociation only becomes 
appreciable at temperatures above 1,500° C. ; further, that 
the calculated values allowing for dissociation agree well 
with the figures given by the Gaseous Explosions Committee 
for the '' apparent ’’ volumetric heat, and show a nearly equal 
increment of volumetric heat for equal steps in temperature. 
A linear relationship between volumetric heat and temperature 
therefore represents present experimental knowledge with 
as much accuracy as the figures justify. 

It may be objected that the apparent ” volumetric heats, 
as given by the Gaseous Explosions Committee, are the only 
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ones that have a practical value and therefore that the separa- 
tion introduced by Pier and Bjerrum is unnecessary. This 
would certainly be true if experimental values for the apparent 
specific heat of all working mixtures likely to be used in the 
internal combustion engine were known and tabulated for 
engines of different compression ratio. Such figures, however, 
are not available. Apart from the use of figures for illustrative 
purposes, therefore, the specific heat and internal energy of 
a mixture need to be obtained by calculation, and this can 
only be done really accurately when the specific heat and 
dissociation factors are considered separately. 

EXAMPLE 

1. A mixture of coal gas and air containing 10 per cent, of coal gas is 
fired in a large spherical vessel by a spark at the centre, and the tem- 



perature of the gas is recorded by platinum thermometers, one of which 
(A) is jdaced close to the spark and the other (B) near to the walls of 
the vessel. The records of temperature (ciu’ves A and B) and the 
simultaneous record of pressure (curve C) are shown in the figure. The 
records start from the moment of firing. Explain the characteristic 
features of the temperature records, particularly the rise which occurs 
in A after OT secs., and the slow rise in B during the first two-tenths 
of a second. 

Estimate from record A the volumetric heat of the products of 
combustion over the range 1,200° to 1,800° C. 

[Mech. Sc. Tripos, 1913.] 
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56. Joule’s law of thermodsuiamics is that in a perfect gas 
E depends upon the temperature only ; or as it may be more 
generally stated, E is always the same when the gas returns 
to the same state. 

From Joule’s law it follows that— unit weight of gas being 
taken— 

AE= JC„ . AT 

so that 

J C, . AT= AE= J . AH- AW= J . AH-P . AV 
(an equation which was established in par. 29). 

Thus 

T jri 


or in the limiting case 


T T P I p 

J^^_JC„ __-fP 

dH. 


( 1 ) 


The differential coefficient — , which it is important to 

aV 

note is of the dimensions of a pressure, is an important quantity 
in gas engine expansion and compression curves, and it is 
necessary to find an expression for it which can be more quickly 
dealt with than the above equation (1). 


Since 


T 
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PV 
^ R 


dv"" R 




0*) = J CJy—1), since -^=y 
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the use. of the fonuula ( 2 ) y 
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[ 1.1 

1.40*2 1 


i5 
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!irr7 
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Wf-7 1 


‘‘ 
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! 
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being there taken as 1*285. 


AC 

Avf^ra^o 

Avorago 


aV 

V 

C 

4V' 

(eor> 

22*5 

17*1 

5*4 

1*70 

17 

24*0 

11*4 

1-HH 

12 

17*5 

140 

171 

KM 

02*4 

4,760 

2IS 

10*1 

101*5 

6,210 

171 

10*5 

140*4 

5,210 

12U 

10*7 

100*7 

1,910 

11 

101) 

184*0 

1,590 

22 ^ 

11*5 

177*2 

-•19*7 

20 

12*5 

150*2 

*--87*4 

14'H 

14 

111*5 

(14*0 

.10-5 

10 

100*2 

54*1 


IH 

88*2 

11*2 

- 0-0 

20 

74*7 

-•42*H 

.,.,.5.0 

22 

i 

1 

01*7 

--56*0 


Ht'CHc figures lire {ilof ted to scale in 'Fig. 22. It will 1)0 noted 

from the talile tliiii during eornpression is iiositivo in 

i-very imm*, ttiiit rf'H and dV must be of tlie same sign* 

An. V m ileereiwing ciiiriiig ccimprt*ssion dV imist lie negative 



/! Fig. 22. — Curve of and V. It sliows how the working stuff receive 

! 1 heat during explosive combustion and how it afterwards loses heat to 

'i the walls. Unit of V is arbitrary so unit of is arbitrary also. 

ji;i " dV 

to gain heat rapidly until the point of greatest pressure and 
temperature is reached, and then the curve falls rapidly, and 
the gas begins to show a loss of heat to the cooling walls. This 
loss has of course been going on during the explosion also, but 
the effect is masked by the far greater quantities of heat then 
being liberated. In modern engines, pressures and tempera- 
tures are higher, so that increase of specific heat affects the 


and therefore dR also. So that during compression the gas 
is losing heat to the colder walls of the cylinder. The ratio of 
loss is not great, however, and such as it is it represents the 
differential effect of the cooling of the walls and the heating 
by contact with and radiation from the hot piston. During 
explosion the gas is seen, both from the table and the curve, 


Carye showing^ 

during Erphsion 
and Expansion. 
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cull’ll lat iitii Hill! iiiijs! not lie ncclcflcil, 'I’ltis c(irrccliiiii i.i 
(Ic.'tlt Hitli later on in flie eliajifer. 

58, It is often fnutii! tliut ilnrinjf coiniiressiiin oi' cx^nin.sion 
the t£us will fiillnw fii«i law 


lliat 


PV’" I’oiiMtant r, say 

i/l* 
ilV 

1 


HI'. 

ynM 


or 






y» n' 


vV 

V 


d\ 


nl\ 


Sulisfitule this in (‘qnation (2) 
i/ll 1 f 


and 


J 


.,1 


fix 


(3) 


A vrrv .siinph* <^X{>^‘Ssi(>Il wtiich (*an Ik 5 imod to ()l)tiain 

If tlic^ lose in H during cornpruHnion 
I'vkloiitly (y //) itnisi hi* positives or y miiHt gnuitujr than 
//. During oxpiuision, if tho gns in Inning (y — 7o) inunt 
III* iirgiitivi* (U’ /I he gn*ater lluin y. (CT. Dx. 14 on p. 40.) 

lltiH wiih irrigiruilly to JN’of<‘HHorH Ayrt-on and 

Pnrry, nud puldiHliecl hy iiic’in itilhe l*r(HU'(u(iu{j7< of Ihe Fhyw^^ 
ill iHH5. 

59 . Effect of Imcreaaing Specific Heat- it in iniportafini to 
exiiiniiit* flow tliin ealcailiifiou in afT(,*(!tt‘(l wfieii allowaneo m 
iiiinio fur II Hpeeific:! heiit whirh iiierea.HC'‘s witli tcunperainre. 
It %vm ttierit ioiifi'l lit tin* cdone of lant ehapti^r tiint ilie giiK(*nurt 
inixtiireH in f.ini«'li<*r had a Hfieeiflo }K‘at< vaitio rining in a 
lirieiir ri’Iaf i«irii^.lii|> with f einpend-uro- in fact that 

(V 0 /- Ki’ 

wlien* /? iukI m w«'r« hohh! eDiistniitfl, 

Kiricr (Cp Oi from Joule ’h law bo indopomlcnt. nf 

feiuiH'mtiirc, it fallows that 

<L=:.afyr 


i 
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where s has the same value as above, and a is a new constant. 
The ratio may for convenience he written c ; it is obviously 

the value of y when T=0. 

It has just been shown (p. 67) that for unit weight of gas 




= JC 


V 


dV 


+P 




therefore 


so that 


but R=J(0^— CJ=J(a— /S) 
dT 1 


dV J(a— /S) 

.dH_)3+sT 




p I y I p 

p ( 1 4_y^^ 

I ^a-iSp dV a— i3 


SO that J- 


^ I cP 4-V — ^ 
dY c—l\ ^ dY 


_JT |p » 

a—^\ ^ dY 


and this is the new expression for 


dY' 


( 4 ) 


If s = 0 ; i.e. if specific heats were constant, equation (4) 
would clearly at once become equation (2). 

As before, take the case where, as in compression and expan- 
sion, PV" = constant, very nearly. 

Then 

dP 
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and substituting in equation (4) 




e—n p_ 

h fp 


dY 

c— 1 ^ 


or 

ydH. 

_ ( c—n 



dY 

(c-l 

a — ^ 


■ nP 


which becomes equal to equation (3) if 5 = 0. 


dK 


( 5 ) 


Equation (5) shows that ^ is proportional to P when T 


is constant, and that it is a linear function of T when P is 
constant ; provided always that all changes are regulated 
by the law PV” = constant. 


CRANK ANGLE. EXPANSION S/0£ 



Fig. 23. — Indicator diagram analysed in Fig. 23a. (It is Fig. 5 of tte 7th 
Keport of G.E.C.) 


Mr. Hogg has applied this method of analysis to an indica- 
tor diagram taken with a reflecting indicator by Prof. Dalby 
and reproduced in Fig. 23. The following are his results. 

Value of n during compression 1-372 ; during expansion 
1*435. Composition of gas sensibly the same as that adopted 
as standard by G.E.C, whose specific heat figures are therefore 
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taken. Correction for chemical contraction on explosion 2-^^ 
per cent. 


Compression j| Expansion 


Crank 

Angle 

P (abso- 
lute) 
lb. per 
sq. inch 

6®C 

JdB. 

dV 

ft.-lb. per 
cub. ft. 
per lb>of 
gas 

Crank 

Angle 

P (abso- 
lute) 
lb. per 
sq. inch 

c 

JdU 

ft-.lb. 

cub. ftv- 
per lb- 
gaa 

350° 

139-8 

474 

-1610 

370° 

317-5 

1,462 

-32,000 

340° 

102-5 

327-6 

-333 

380° 

281 

1,405 

-27,800 

330° 

84-0 

292 

-105 

390° 

230 

1-308 


320° 

67-4 

252-7 

-57-2 

400° 

184 

1,194 

-15,6'70 

310° 

54-3 

221 

+ 149 

410° 

152 

1,142 

-12,430 

300° 

43-0 ■ 

183 

+ 211 

420° 

119 

1,017 

-8,750 

290° 

30-2 

169-5 

+ 204 

430° 

96-0 

926 

-6,490 

280° 

30-3 

149 

+ 205 

440° 

80-5 

872 

-5,150 

270° 

26-0 

132 

+ 201 

450° 

68-3 

816 

-4,120 

260° 

— 

— 

— 

460° 

59-6 

781 

-3,450 

250° 

— 

— 

— 

470° 

51-8 

732-5 

-2,840 

240° 

— 

— 

— 

480° 

47-9 

729-4 

-2,620 

230° 

— 

— 

j 

490° 

43-0 

686 

-2,230 

220° 

— 

— 

— 1 

500° 

40-1 

667-8 

-2,030 

210° 

— 

— 

— 

510° 

37-7 

646-9 

-1,85S 

200° 


77 

+ 154- 5 

620° 

34-2 

682-9 

-1,540 

195° 

14-3 j 

— 

— 

530° 

1 

— 

— 

— — 


These figures are plotted in Fig. 23a, and they show the 
to be just losing heat on balance from A to B on the coro.- 
pression stroke, and to be gaining it from B to C. IgnitiorL 
occurs about the point C, and the curve would then shoot ixj> 
far off the diagram : this rapid rise cannot be got from tho 
indicator diagram as the volume alters so exceedingl 3 r 
slowly at the dead centre. From this height, however, ttio 
curve rapidly descends owing to radiation and convectioxx 
losses until the point D is reached. The rate of cooling thonL 
tends to decrease as shown by the line DE, which represen. I ts 
the expansion period. The gas is still losing heat at the poinb 
E, when the exhaust opens and the temperature is in thie 
neighbourhood of fiOO® C. 

Mr. Hogg’s curve shows no evidence of any continuation 
of combustion after the highest temperature has been reacheci^ 
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explosion 2*24 


SIOX 



JdH 

dV 

ft-.lb. per 


cub. ft. 
per lb. of 
gaa 

,462 

-32,600 

,405 

— 37,800 

•308 

-21.300 

.194 

-15,670 

,142 

-12,420 

.017 

-8,750 

>6 

-6,490 

'2 

-5,150 

6 

-4,120 

hi 

-3,450 

^2-5 

-2,840 

i9-4 

-2,620 


-2,230 

J7-8 

-2,030 

-(v9 

-1,855 

‘»2*9 

- 1,540 




-liow the gas 
on the com- 
Ignition 
en shoot up 
ot from the 
exceedingly 
Dwever, the 
convection 
;ooling then 
1 represents 
it the point 
D is in the 

>ntinuation 
3 n reached. 
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Fig. 23a. Change of Internal Energy during compression and expansion 
strokes of diagram shown in Fig. 23. 


dR 


60. Adiabatic law with variable Specific Heats. — ^If - 7 = 7 - be 

dV 


zero, or, in other words, if the transformation be adiabatic, it 
follows from equation (4) that 






dV ' /S+sT' 


-P=0. 


or 
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If s = 0 this would become 

which integrates as in par. 29 to the familiar form PV^ 
constant. If, however, s is not zero we have a much har<3le^ 
integration. The above equation becomes 

5 ^ ^ 

P^/S+sT V ' 

PV 

Also since -^~ constant 

P V PV 
^dV + ~ dT=0 

T ' T 'I'2 

dV ,dP cT ^ 

V^P T ^ ^ 


Equation (1) may he written 

^^+ a ^+ aT (^+^)=0 


or using (2) 

^ — + ct — 4-5dT— 0 

The integral of which is 

/SlogP + alogV-f- = constant 
and this may also be written 

P^. V"". 6^"^= constant. 

This is therefore the adiabatic law with Tariable specific heett-s. 

61. Experiments on Measuring Temperatures during tine 
Cycle of Operations in a Gas Engine. — ^Professor Burstsull * 
was the first to do this. He came to the conclusion t>lxa/t} 
with a platinum thermometer it was impossible, owing to 
the fusing of the fine platinum wire before a sufidcient nuncxlber 
of observations had been taken, to make such measuremoixts 
with an engine working on full load. He had therefore to 
experiment on an engine running light and firing bnt onco in 
each twelve revolutions. The principle upon which a plett- 

* PhU. Mag., 1895, and Proc. 1901. 



Fia. 24. — Combined Admission and Thermometer Valve (Callendar). 

during explosion, and replace it for each suction and com- 
pression stroke* This was effected by fitting up the inlet 
valve as shown in Tig. 24. C is the admission valve casting, 
which is bolted on to the cylinder and projects inside the space 
provided for it. The thermometer was inserted through the 
spindle of the main admission valve marked A, which had been 
drilled out to receive it. In the figure the little '' thermometer 
valve,’’ as it may be called, is shown projecting beyond the 
main valve head into the cylinder. It closes with a little 
conical seating of its own as soon as the ignition point gets 
near. The thermometer leads enter -through B, pass along 
the thermometer valve spindle until they arrive at the fine 
platinum wire which is shown at P. The head of the ther- 
* Royal Soc* Proc,, 1907. 
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inum thermometer works is that since the electrical resistance 
increases with the temperature in accordance with a known 
law, to measure the resistance of the wire is to measure its 
temperature at the moment. Professors Callendar and 
Dalby * have since made additional tests in this direction. 
These experimenters realized that they could not get a wire 
which would stand up ” to the temperature of explosion 
unless it was so thick that it must fail to foUow the fluctuating 
temperatures of the gas with sufficient rapidity. They there- 
fore decided so to arrange the apparatus that they could with- 
draw the fine thermometric wire from the action of the gases 

C 
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mometer valve is connected to its spindle by the two ribs 
which are made as thin as possible so that the platinum wire 
is not screened more than can be helped from the action of 
the hot gases when the thermometer valve is pushed out into 
action. The opening and shutting of the thermometer valve 
at the proper times is effected by suitable mechanism. The 
thichness of the platinum wire was xtt o o about 

130 R.P.M.thelag of the thermometer was not more than 10° 
of crank angle with a temperature fluctuation of nearly 200° 
in haK a revolution. This would correspond to a time lag of 
0*013 sec., which was quite good enough for 
measuring anything so relatively steady as the suction tem- 
perature. As a result of such measurements it was found that 
the suction temperature varied with the conditions of running 
from about 95° C. at light load to about 125° C. at full load, 
the air temperature being about 20° C. and the jacket tem- 
perature 27° C. The following are details of two tests — 



Tost 1. 

Test II. 


130 

114 

Ratio air /gas 

7-1 

5-8 

Atmospheric temperature 

20° C. 

21° 0. 

Jacket temperature 

27° C. 

27° C. 

Temperature of thermometer vah*e at | 
360° crank angle 

122° C. 


Ditto at 26° crank angle 

lire. 

130° C. 

Corresponding pressure at ditto . 

18*51b./in.2 

17*8 lb. /in.2 

Molecular contraction on combustion . 

4*3 per cent. 

5-1 per cent. 


It was noted that by a curious coincidence the indicator 
cards from these two trials showed a practically identical 
expansion curve, not varying by more than 1 Ib./in.^ at any 
point. The temperatures during expansion were however far 
greater when using the richer mixture, and the heat losses to 
the walls correspondingly greater, so that although much 
more gas is used in one case than in the other, no more H.P. 
is obtained, the excess heat units going to waste. 

These experiments show that the convenient practice of 
assuming the suction temperature to be 100° C. irrespective 
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f.»f load Ih ttiily aj*j.in*Aiii»itfrly vtwvi^ri, an in iln^ a'h{JV(* 

rAia^riiiiriit.'^, thi* mvthm in urrnrntcly na*aHnrr(I, it 

is jiiissililt* itt riik’tiliif-i* iicaainif i*Iy tin* ur(*H thrtiughoui 

fill* f*yi’k frniii t-lir prrfi^ii i4uh law nial a knowirdgn cif this 
iiicilfsiniliir cairilriirf ifiii nil taanbiiKliun. 

§2. Later Exi^rillients. ■ ImIw aftnnijitH (a nnaiHarn thn 
«rn nf I In* giis arn dun to (*nk«*r aiui Hnnbk*. dda^y 
fniiiicl file* 8tic‘linn tmijinrataira tu miign from (hT* (I lo 2on'' 
i'., Iiiit ilicira nyiy liavt^ bunri Hpnciiil niffuniHiiinruH caiUning llii^ 
riirigti to Imj wider than iwtial ; their (diief work, howi*v(*r, in 
the iYica-Hiirc!iii€*rit of tempi^rature along the oxjiiinHioii imrvn 
To iif'!iifw“e thiH mndt morn diflimilt rneaHiireriicmt uho wan 
math- of I liiTimreoujdeH made up of idloyn of piatinuin with 
rlmrliiim and iridium, witinh have vc»ry high ftining poiiitn, rolled 
intf* strips ahuuf 5 tu H tendhouHaiidthH of an iiieh Ihiek. In 
this 'Way if wa- foiiml possible fo ineaHuro- the gan temperaturo 
not tmly rm tin* rising rtanpression etirve, hut idno along tim 
l#r«‘ater pa.rf of fhi' oApaiision c-urve ; tlu^ very IdglmHi tern- 
jtrrat iiri'‘s has! still to In* esf inuilod, howover, by r<*garding the 
e!ia.'"g** itself as a, ga-., t hiTinometer, ^flie highent iernfiemt.ure 
piiiiitH roidd be mini* aoruraii'ly estimated in thin way than by 
inforriiig tf'iem frmn Iho stio'f iun fem}MTatun% ainee (1) it wan not 
iiri’r^ssary to iillow for eliemiiail eontraethiip (2) and ti'K? pmfecst 
giiM. lim i:H iimr*" truly folhiwetl iii high ti*m|;H‘raturea. Ji wiiH 
f I'lii-H bnnif! tliaf the peiik trm|teratiire in the gan in in thc^ mngh- 
}toiir!iooil f'if C!,, mid may with Hpecdally rieh mixtnreH 

eviui reiiell (*. 

fM. GtS SteliiM of EfieieECy. In (Imp, I! the **air 
Hfaiidard of tdTieieiif*y for i.iiteriml eornbmHtion engines warn 
i^ijilaiiied fully, mid tnirii«*ric%al resull.H were given. The Htari- 
finp! h, lioivever, iiiiedi itlaive what eould he a<*hiev«al 

ill pail f*reii W‘t*re rrrri/ sotiree of Iohh removecL ddie 

lAsisoii for tliis^ I's Ifiiii the giiMeoiis mixture lunployed in priieiiee, 
iiltlifiiiiili mmnly uir, in f»y iici rnearia entirely ho, and that in 
it kivortmi, fo mnimm {m m done in the ealcoe 
liilir#ii tif liir i^’tiimliird ” ellkieiieieH) that the H|iiieifie hmt k 

to Ills, I all! 

If. |H tle^ridore iifa'eHsary in iiii'ike iillowmnee for this, iiricl 
fine mi%y of fhuiiM mi in to repliiee llie **air HtiAticlard with a 
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'' gas standard ” based on the mixture commonly used in a 
gas engine. The best mixture to use is that for which the 
Gaseous Explosions Committee determined the specific heat- 
temperature relationship. 

As stated on p. 65, this curve corresponds to a linear law 
between specific heat and temperature agreeing with the 
observed results within the limits of experimental error, as 
follows : 

C^ = 0-152 +0*000075 T, 

where T is the temp, absolute. This mixture is stated in the 
Report to be ''the mixture on which Clerk experimented.” 
Reference to Clerk’s paper (Proc. Royal Society, H Vol, 77) gives 
'the following particulars of this mixture : — 

Extreme compositions — 


Steam (assumed gaseous) 

Vols. 

. 11-2 

Vols. 
and 12-7 

Carbonic anhydride 

4-8 

„ 5-5 

Oxygen 

. 8-7 

„ 7-0 

Nitrogen • . • . 

. 75-3 

» 74-8 


100-0 

100*0 


Corresponding respectively to explosive mixtures containing 
before combustion 1 volume of gas to 9*8 volumes of air, and 
1 volume of gas to 8-5 volumes of air. The lower heat value 
of the gas was 574 B.Th.U. (or 319 pound-calories) per standard 
cu. ft., whilst the compression volume was 18*59 per cent, 
of the total volume. Clerk mentions on p. 334 of Vol. I of his 
Gas, Petrol and Oil Engine that a standard cubic foot of this 
mixture weighs 0*07833 lb. So that if the specific heat be 
jexpressed as ft. -lb. per standard cu. ft. (i.e. as volumetric heat) 
\p becomes 

= 16-6+0-0082 T. 

|With this data it is possible to calculate the temperature at 
any point in the ideal constant volume cycle (see Eig. 7, the 
lettering of which is also followed in what follows), provided 
jthat the suction temperature be known. This may conveni- 
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infly Ih» taken iw Krtl^ (I, a iij'ure never fur from ita aef.iial 
valiii*, ittn{ one moreover wiiieh uj'reea with tiie u.s<'! of t.Iuit. 
lempenitnre iw a .starting point for interiml imeixv meaHure- 
ineiitH. Wi; may iisMtime for SHitnplieily'a aake that our ideal 
enyin*' eyliuder wlten tilted at (he end of (la* suction Hiruke 
rout aiiiH exactly one fitandard eu, ft. of p'a.seoii.M nd.vturo mntle 
up of a Hniall proportion of exhun.Ht, prodiietH (oifether 
with freah air and fre.sh gaa. The amount of (he exhnu.Mt pro- 
duetH will vary with tin; i-ompression ratio, Imt no great <Tror 
will Im> nimlo by taking it tliat at the mid of I in* .Hnefion ntroke 
the contorita of tlie <;yiiiHler (at lOO" ('.) are Hueh hh to have an 
average ealorifie. value of 2i> pouml enlorie.s, being made up of, 
hay. 1 part hy volume of gan to 10 parta l>y volume of a eom- 
hiuatiou of air and e.shniiMt produeta, ho that the volume of 
guH preM-ut in oue-eleveuth part of a Htunilard eiihie. foot eon* 
taiiiing :$ll» h 11 or 2t» jioutul ealorieK of heat energy. 

64. The Adiabatic Curves of Compression and Expansion 

(var. Hp, heats). The theoretieai <“llieieney of t he; new Hiandartl 
eyele ean now he workial out. for varimta eompr<-HMiou ratioH, 
nwuming no he.'d Iosh, no eljemi< al ehfinge of volume, no change 
oil explosion of tin; relationship hetween Hpeeilic luuit and 
temja'ralure, no eomhufUion after the point of niaxirmmi 
(eiujarature, and the suet ion lempernt are eoiiHtant at 100*' (!. 
Knowing thcHUetion (emjierature (To), the temjieraf uri; at the 
end of loinpres.'tion (Ti) ean lie ealculnted from the adiabatie 
formula appropriate to a linear relatioimhip fietweim Hpecifle 
heat ami temjM rat ure. Having the «;ompn'HHum temperature 
('{%) it in eany to ohtain tlw explosion tmnjHTature (T,) from 
tlie heat iiheraleil (2» pound caiorieH), and the known Hpeeilie 
heat valueii. 'I'he (emj«*rattire at the mul of expannion (T,) 
is obtained from Ihi* «»nH> law a.s tiuit gov(;rning i-oniprcHHion. 
All four femjH’ratnreH Iwing then known, and the in((;rnal 
energy eorrchpondiug to each, the ealenhUion of cfficieiiey 
follow n at once. 

'I'hc adiah.atic law rorreapomUng to ft linear relatioiwhip 
hetween sper itje heat ami teni|>eratur« ift tm given in par, (10 
P " . V* . eoUHtant. 

I’V 

But ^ --constaat. 
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the expansion is said to be adiabatic. Such an expansion, m 
compression, may be imagined as taking plac^ in a cylindar 
made of a completely non-conducting material, no heat being 
generated by chemical action nor lost by radiation. The m&m 
quickly an expansion or compression takea place, the moie 
nearly is the adiabatic law foUowed, since there is s shorter 
time for any transfer of heat to take place. The rapid heating 
of a tyre-pump when used vigorously is a familiar phenomenon. 
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Cubic Feet » 

FiGk 4. — P V diagram showing compression of six cubic feet of ilr into one 
cubic foot, {a) Isothermal ; (6) Adiabatic. [Final presmre Is mom 
than twice as high in (6) as in (a),] 

When the expansion is adiabatic the law connecting P and V 
for a perfect gas can be shown to be 

PV^=constant. 

In Fig. 4 is shown the result of compre^ing a maM of gw 
from 6 cu. ft. to 1 cu. ft. Such eompr^sions mm approxi- 
mately adiabatic — see curve b — ^when the prex^ is earned 
out very rapidly ; and approach the isothermal — mb curve « 
— ^when the compression is so slow that mmh of the hmt m 
dissipated during the time taken by the oompi^scm. 

29. ProoL — "" tToule^s Iaw,” quot^ in |Mr®^»ph S4, 

■ to this, that the gdn in internal energy dro torteof 


W 
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G 


Therefore V“'^. T^=constant. 

(r:) 

It is not possible to calculate Ti directly from this, but 
curves may be drawn giving the relationship of temperature 
and compression ratio, and in this way T i for any given volume 
ratio (r) may be found. 

Now To = 373, and C„=i5+sT=0-152+0-000075 T. 

To get Cp we need E. 

B, PV ] 4-7 V 144 

Now Cp - C. = j and 

Cp— C„=0-071. 

So that Cp=a-HT=0-223+0-000075 T. 

Therefore 

The relationship of Ti and r are shown in the Table below. 


Now C„ 


Cp-C 


dog. r. 



^1 

T^ 

r 

(continued) 

(cent inued) 

r 

(contimiod) 

100 

373 

1 

1,100 

1,373 

46-5 

150 

423 

1*38 

1,200 

1,473 

60-1 

200 

473 

1-85 

1,300 

1,573 

77-1 

250 

523 

2-39 

1,400 

1,673 

97-3 

300 

573 

309 

1,500 

1,773 

122 

350 

623 

3-89 

1,600 

1,873 

153 

400 

673 

4-86 

1,700 

1,973 

190 

450 

723 

597 

1,800 

2,073 

235 

500 

773 

7-24 

1,900 

2,173 

289 

600 

873 

10*4 

2,000 

2,273 

353 

700 

973 

14-7 

2,100 

2,373 

430 

800 

1,073 

20*1 

2,200 

2,473 

522 

900 

1,173 

26-9 

2,300 

2,573 

631 

1,000 

1,273 

35*6 
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It is useful to express these temperatures in other than 
the absolute form, and to compare them with the corre- 
sponding temperatures obtained from the adiabatic law for 
a perfect gas with constant specific heat, viz. PV = con- 
stant. This comparison is given below, and is illustrated in 
¥ m . 24a. 


(var. specific 


(const, specific 



9 

10 

558 

588 

645 

686 

11 

614 

724 

12 

641 

760 

13 

664 

795 

14 

686 

828 

15 

708 

859 


65. Internal Energy Throughout Cycle.— Having thus found 
Ti for various values of r, it is next necessary to obtain the 
explosion temperature, and this is best got from an internal 
energy curve. 

Volumetric heat = 16*6 +0-0082 T 
and the internal energy 

= (16-6-1-0-0082 T}(iT 

=16-6 (T— 373) + 0-0041 (T*— 373*) ft.-lb. 

This is shown plotted in Fig. 25. Now on explosion, 29 
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Table oe Tempebatubes. 




Oo "C. 


02 °C. 


r 

(suction) 

(compression) 

(explosion ' 

(exhaust) 

1 

100 

100 

1,660 

1,660 

2 

100 

214 

1,730 

1,415 

3 

100 

294 

1,780 

1,290 

4 

100 

356 

1,820 

1,205 

5 

100 

407 

1,850 

1,145 

6 

100 

452 

1,880 

1,100 

7 

100 

490 

1,905 

1,060 

8 

100 

526 

1,930 

1,025 

9 

100 

558 

1,950 

1,000 

10 

100 

588 

1,970 

976 

11 

100 

614 

1,990 

955 

12 

100 

641 

2,010 

936 

13 

100 

664 

2,025 

920 

14 

100 

686 

2,040 

904 

15 

100 

708 

2,050 

889 


Table op Enebgy and Epeiciency. 



Internal Energy in Et.-lb» 

r 

Eo 

E, 

Eg 

E, 


(Sue- 

(Compres- 

(Expio- 

(Exhaust). 


tioii). 

sion). 

sion). 

1 

0 

0 

40,600 

40,600 

2 

0 

2,300 

42,900 

33,000 

3 

0 

3,950 

44,550 

29,200 

4 

0 

5,300 

45,900 

26,750 

5 

0 

6,450 

47,050 

25,000 

6 

0 

7,450 

48,050 

23,700 

7 

0 

8,300 

48,900 

22,600 

8 

0 

9,100 

49,700 

21,650 

9 

0 

9,900 

50,500 

21,000 

10 

0 

10,550 

51,150 

20,350 

11 

0 

11,200 

51,800 

19,800 

12 

0 

11,850 

52,450 

19,300 

13 

0 

12,400 

53,000 

18,850 

14 

0 

12,950 

53,550 

18,450 

15 

0 

13,350 

. 

53,950 

18,050 


Thermal EjBSciency. 

u .. Ratio of 
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66. 'Gas Stsndaxd. ■ li y nnw pcmniblo if) giv(^ iJio value 
h! till* iiifii*ii;il at f*af'li f»f ilie four c'onuT.s of ilu^ diagram, 

lifiil tu olitaifi tlir^ tiiormal f*llieiem?y eorrenponding to eacdi, 
riiiii|iro>;doii ratio, an nliown in the priH’eding tabl(\ 

If will l«‘ Hrni that with thiH gan mixture? thc^ gan Ktaaulard 
ahoiit SI) jior eiuif. f»f llu' air niandard for the Cf)mpr(‘HHiou 
rali*)^ in ofuniiimi use. It eorr«\Hpon<iH tdoH«*ly to thc^ value 

I ( ^ ) predifded by Tizard and l^ye from tli(M)rcdJeal 


roiiHitiera! ions. ^ 

67. In praeiire tbene ideal (dfieumeieH are not n^aliw^l 
inuiig to Iberiiia! and nit*elianic'al lonneH. If the Jattfu’ are 
knowiu ib«^ iiidiiMlef! theriual eniei<uH»y (tan be ol)tained and 
the efieet of llieririal loioieH i*atiu)al4*d. 'I’heHe lomwtH dctpend 
{iriiiiifcrily lijioii the lein|HU’iiinre of mxploHion, ()ut eorribuHtion 
ehaiiibi'i' lieHtgii aiiul engine Kfieed ant alno of grctat importance. 
In ifie ease of ^veak mixtures, indi(’at(»d thermal effutieneietH 
wliieli arriount to Ho jK*r rent, of ifte id(»al hav(t hcten reacthed. 
Of tlif* tfitiii b*%'it supjilied only In p(T cfuit. in thuH lost by 
roiidtiet4«*ii iirifl nnliation. In tim vm<*i of atrong mixturoB 
I 111* liim m iief4-*ssa.rily greiit-er. But even in thin (tase the 
iivoidiible iesH Hidifoiit excateds 20 per cc^nt. The poHHible 
iiiitrgiii of tmpnmmnmi in oigitie fMtrformance in thun Binall, 
eHperially wdieti it ia reriiefiila*red that the mechanical con- 
ditioiiH of the piston engine call for the eflicietit cooling of 
jiislon iiiifi %’nlveH 

fS. Hcpk:tiison'S Etteianey Experiments,— In a |)aper pro- 
to the Iristiliilion of Mi*(thanical KnginettrB in 1908, 
IVnf. Ifiijiicirisoii ileneritel certain experiments he had made 
to deterfiiiin* tlie ri.diilioniiliip of actual engine aflicioncy 
willi till’ iiir i^lriiii;iii.rd '' and with what w<^ have termed the 
** gii..H iliiiiditrd/' Hts rcmtilte are conveniently Bummarizod 
ill Fig. The ttfi|a*rriiost dotted curve m the Air Stan- 
diii'd/' wfiiefi for the coinpraBBioii selected (vk. rss6*37) 
out at 02*2 |rr ceiii Under that m a line which 
%%m f4iif-iiliited by ilopkiiii^m on the basis of a variable 
sprrifsc lieiit fiisiiig fhi* iiguns of Holboffi and Austin^ and 

• I i A. 1 fin I ilik thimry ^%imm tin of himt during the working 
''ttfibi but tmk*r4 billy m%€* amjoiiiit tto nature of the working iuid. 
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Langen). Below that again is the hne of efficiencies as actually 
found. 

69. Choice of Working Fluid. — What change would be 
effected in the thermal efficiency of an engine if the working fluid 
w^ere changed for one having a larger specific heat ? This is 
an important problem, as it not only concerns the choice of 
working fluid, but also whether it is well to work high up the 
temperature scale or not (the specific heat increasing with the 
temperature as has been shown). 

The thermal efficiency of an engine depends on many factors, 
but to a first approximation it may be taken as proportional, 
Air Standard Efficiency ( 52-2 % ) . 


60 A 


40 


20 



Actual thermal Eff/clenpes 
as measured by Hopkinson ^ 


Percentage of Coal gas in Cylinder Contents'^ 


10 


"TT 


Fia. 26. — ^Hopkinson's measurements of actual thermal efficiency for mix- 
tures containing from 8 to 12 per cent, of coal gas, compared with his 
calculated ideal limiting efficiency curve. 

for any given compression, to the efficiency as obtained from 
the '' Air Standard ’’ formula 

"ja 


Now 
so that 


J (Cp— CJ==R and y — 1 = 


log (l-^)=^logl 
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1 — ridQ^ JO/ 
dtj E(1 — rj) 


dG„ 


JC..^ 


log Tt 
log r. 


Therefore with increase of specific heat the efficiency falls. 
This could also be -written 


R l—p 


/drj\ fdG^-. ' _ 

S ^ UC, Tj 


logr • 




l—ri 


This gives the proportional change in efficiency for a given 
proportional change in specific heat. 

If for example y = 140 and r = 10, then for a 1 per cent, 
increase in 0^ the corresponding proportional decrease in 
efficiency would be 

‘“i 

Now whenr =10, r}~ 0*60 

and ^=|o-40 X— X2-3o}x — 

rj i 0-60 1 100 

= 0-61 per cent. 

So that in this case the efficiency falls by rather more than 
J per cent, when the specific heat rises by 1 per cent. 

70. Heat Plow through Cylinder Walls.— One of the most 
important matters connected with the temperature changes 
in an internal combustion engine is the consideration of the 
manner in which the heat carried away by the cooling water 
passes from the hot gas to the water. The cooling w^ater is 
circulated around outside of the cylinder in a space provided 
between the cylinder walls and the jacket. The carrying away 
of heat by this cooling water is, of course, of no thermal advan- 
tage to the engine, much the contrary, in fact ; but unless it is 
allowed to take place the cylinder walls would reach so high 
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a temperature that lubrication would become impossible. 
Engines become more efficient as this heat loss is reduced, 
but care has to be taken to limit the reduction at the point 
where there would be risk of the lubrication failing. If the 
lubrication did so fail the piston would seize and the engine 
be seriously damaged. In a four-stroke engine of the usual 
type the temperature of the gases inside the cylinder will vary 
during the cycle from about 20° C. to 1500° C. This is a large 
range, but it is found that the wall temperature — even that of 
its innermost face— does not pass through anything approach- 
ing so large an amount. With a temperature range in the gas 
of the amount mentioned the total temperature range in the 
inner face of the wall will not exceed about 10° C. And even, 
this small range is but skin-deep. It has been shown mathe- 
matically, and confirmed by experiment, that at a depth below 
the inner surface of the .wall of inch the temperature range 
is only about part of the range at the surface. The 

following comparative statement can therefore be given as an 
illustration : — 

Range of temperature in gas — about 1500° C. 

„ „ „ in wall surface — about 10° C. 

„ „ „ inch deep in wall — about 

For all practical purposes, therefore, the wall temperature 
as a whole does not vary from moment to moment during the 
cycle. 

The temperature is different, however, in different parts of 
the length of the wall. Thus, the wall is hotter near the com- 
pression head than it is at the other end of the cylinder. This 
is because most of the heat loss occurs at the beginning of the 
stroke, in the clearance space, where the highest gas tem- 
peratures are found. The consequent varying amount of 
expansion in the different cylinder parts renders the metal 
liable to crack unless the design provides room for expansion.. 
Cyhnder heads and pistons are the most diflficult parts to pro- 
tect against cracking, particularly in large engines. But if 
fixed joints between metal faces necessarily at different tem- 
peratures are replaced by shding ones, much of the trouble 
may be removed. 
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71. Hopkinson’s and Coker’s Experiments on Cylinder Tem- 
peratures. nvdili* hy f loj^kinscri ^ a?r(l hy (^)kc*r f 

dillVrr^fif atlArd a basin for dra-vving up a. fabk* of 

llio prtifmblt^ lonipcral un^H occurring in the ordiiuiry 1yp(^ of 


four-stroke engine (open ended) : — 



uri». 

Muxiiiuiui ti*iiipi*riihirf* of giis. sny. . . . . 

I’istoru ttPiiire of fiw*e j 


i.5u(r (‘. 
4ne ‘ 

C.’fuire of oxhiuist viilvo ...... i 


400" i\ 

iuli-f.. viihi* ! 


2mr ii 

Piijiwkotrd part r»f Will! in rk^iu'iuic'e epr.iM* . - 
Pist«'»n, i’de** nf fioM* j 


250" ( 
200" (1. 

.luc*k»*ti'<i \uill in oii-uniiuo . i 


lOO" ( 

.JarlifO'il par! of wali in htroko .... 


75" (1. 

Cnuliiig WJlfi-r lit outirt . 


05" (k 


I okor alno found ibnf witii a caifdoiiH HUpply of cooliug water 
then* was no diHVranra* in wall temp(‘raiure along ilia Icuigth 
td flit* stroke, lint wifli a rpstri<d(‘<I supply the avewago wall 
tiaiipcratiirc wan Ipkh (by Home 7'* (!.) in the nud-al near the end 
of llio outward stroke tlinn at tlie !K‘ginning. "irinm wh(ui the 
rooting water is rf*Htrirted in cpuinlity some of the heat panHUig 
info the (cylinder widlH travels nloufj the wall an well as through 
it. 

All interest iiig iiic^iiHurcHtient made by Hopkinson phowed 
tlifif if any part inside tlie cylinder Hhonld rinf) to 700^(1 the 
gaseH Would ignite MpcuitaiieouHly, so cauning pre4gmtHM» 

72 . Mathematical Theory o! Wall Temperatures,-- It is 

interest itig in iiiveHiigufe fliin problcmi. matbematieally. 

i*ef f ill lie the inner hwv of t.he neetion of the wall, which can 
ii'illi Miiilirieft! iieiuiriiey inr thiH problem be eouHidered plane. 
I *oiisiiie,r wlifit m iiiifipiuiing iit .A., dintant x bedow the Rurfacc^ 
of flw^^ inefal Airnm im imaginary tm.it area pcrpcmdieular 
tn the Hiirfiift* of file pfifM*r iirid to the line of flow of the heat 
wiiicdi k m itic clirrciiori of the arrow, heat will be transmitted 

• Prm, !XLE, 1000. 
t Prm. LaJL 10 la 

m 
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but a part will be retained for the heating up of the substance 
of the lamina at A. At a section at distance {x + ^x) the 
temperature will be (0 +^6), where of course ^6 is regative, 


Heat flow to - 

^ Cooling water. 




t 

a 


Fig. 27. 


at the same moment of time. Now the rate at which heat is 
received at the left face of the lamina, contained by the two 

dd 

planes at x and (x -j- Sx), is equal to — k — where Ik is the 

dx 

conductivity, and the additional amount which flows out per 

second on the other side is —( — k — 'j dx= — k^^dx 

dx \ dxJ do^ 

Now this heat must he equal to that required to raise the tem- 
perature of the lamina between the time t and the timR {t -f 
bt), and the volume of the lamina being (1x1X5*) = bx, it 

follows that the heat so absorbed must be eoual to bx. w. ^ 

^ dt 

bt. a- , where w = weight of unit volume and a = specific 
heat. 
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This is the equation, for the flow of heat. Tin? mimv. ch| mil, ion 

fH‘(*iiri4 in {imiiloiriB relating to ole(*fric? c'cOHltiC'tivity, io tho 
■<liffii.Hiciii of IhniWa into oaoli oihor and to many other pliy~ 
i4ic*iil iij>|iliFiitiorta I in Hohition in tlmreforc^ Wf*ll known, and 
in llik ■cnso the simiiiont form of it ig 





0 (U ^Vm(yt - fix) ........ ( 2 ) 

w}i«»r<‘ (*, a, y and // am ron^tantn Homo of wlucdi can imino- 
fliah-ly ko dt-fcrmincd fnnn liquation (1). 

Fr<.aa (2| 


tiff 

tlr 

tm 

#//“ 


tit 


al't //.<) //('< "V<)H(y/ //j:) 


/Ar) I fi/;(V //.!•) I «/?(!f. «*C08 

(>-/ jir) ifH't MitiCy/ 

, («« yp|(’. ”siniyl (U) { 2ti IK k ’‘*c(w(y«— yfx) 
So tiwi (1) niiiy Ih; writtou 

/Of* ’'ill {7/ + -*#■* 

y( *$: mm(yt ■ - //x) . 


Ffir tliifi to be nil idtaifify 

-0 

k 

iirifl 2 e// -:-:y 

Kiiw wliaii the value of B may be regarded as 

ll#r from wlikdi Ibe temfaimtiire m meaHiirod, it follows 

tiiiit #1 ifiti^i lie fmiihm and real. 
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So that a-=p=\/^~^ 

^ V 2k 

Substituting in equation (2) 

0=C.e sin (3) 

73. Skin Temperature. — ^Now when x = o the value of 
d is that for what may be called the skin temperature of 
the metal — call this do 
therefore do = Csiny^, 

This calculation indicates the existence of a skin tem- 
perature in the metal which rises and falls as a simple 
harmonic function of the time with an amplitude of C, 
that is to say the range of temperature in the skin is 20. 
Now imagine the wall to be in contact with a highly heated 
gas the temperature of which fluctuates rapidly and unevenly. 
It is well known that by Eourier analysis this temperature can 
be represented by a series of simple harmonic functions of the 
time, of increasing frequencies. In a gas engine the temperature 
of the gas rises and falls about a mean value in what is roughly 
a sine curve, and in any case the addition of two or three upper 
harmonics should make the representation very close. The 
effect of high harmonics at the interior part of the wall is, how- 
ever, slight ; since it will be observed that the logarithmic 
decrement factor in equation (3) becomes more and more pro- 
minent as y increases in value. It will therefore be sufficiently 
accurate in the first instance to consider the fundamental period 
only and to assume that it causes in the skin of the metal a 
fluctuation of temperature of much the same nature but of 
less amplitude and with at least some lag. What this ampli- 
tude and lag will be it is impossible to calculate, but it is pos- 
sible to take the extreme case in which the range of temperature 
in this skin is equal to that in the gas. This at least will repre- 
sent the limit of what can occur in that direction. Then 0 = C 
sin yt is the equation for the temperatures both of gas and 
skin. 

74. Effect at a Depth. — ^It remains to investigate how the 
rest of the metal wall is affected by this great vibration in 
temperature in one of its faces. It is clear from equation (3) 
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that ilH‘ amplifmh* (iccrcascs with flut th-ptii iti the metal and 
that a laji arisen and itirrea,«ies at th»' Huine t imi*. 'i’he. aiuplit udo 


at any p'tiiit at a deplhx is('{‘xp.( .r), h 

'"Zk 


utC! intiic 


aiiiplif ‘it tlir surfjiri\ iind t tht* frart ioiia! u.nipliiu(le 

in till* iiilrriMf in ^ ^ ' 




If in id ini<T«’Hi In «*vnlunin ilm i‘Xpn*HHicnL 
\V«* may jm! t/? 150 |h. jn*r r.ubic*. bioi ; y IOtt enrrev 

Hjmiiding « iu I hr* lia^tH nf a two Hirokn cycln to a npeecl of 
3011 r.p'.in. ; i*^-«o-o!. Ho that 


WfTy ‘ l -’ f ' .„.j 7 p 500 

2k- 2 


or 


/mry 

' 2k 


:.2mi 


arifl till* fraf’tiioial amplitude “-is 
hern of camrHe x h in If a: ho pnt equal to | in. or 


foot^ llio frnotiorial iiinplifuilo 


1 

tija 


— . or 040 of onci 
21)0 


|tc!r mm%,f whioh sliciw^a that oven at a depth of only J inch the 
t4*in|)i:*ratiirti CMcnllntiori m practically wi|MKi out. The curvo 
in Fig. 2B «howM graphiailly how rapidly tho OHcillationn da- 
€rt:*fi.«! in iirti|)litu Ic^ Ho that in aftHiitning tho wall to ha iri- 
finitnly thick no vi*ry far*rcmc;hing EHHumption web made, Biru,;o 
for liny! king | in. in tfuaknoBB tha temparatiira on tha 
wafiT shiv, will praetic'iilly nhow no tamparatrira OHcillatiorL 
75* Conclusions- ■ -TldH mathematical investigation shows 
the inm-pmUitm tpadimt jrtmi fnm to face of the wall 
-pmrtmiilp umifftrird hy the tmnllution in the tefwpnraterc of the 
iiDfl if to this gracliimt lincj tha above shallow t.-arnpara" 
ttire iHr'illiifhiriH lie iidilad a raprersentation can readily be ole 
of %vliiit. is iic*tiially oaciirring in the w^alls of a gas engine 
ryhiider. The lieiif flow fltrough tlie metal is known, as regards 
Cjiiaitlify, from the h«*ai l>alan<‘«oHhcfet for tiia angiru*, since th© 
lie;it taken fway by tha cooling water must be exactly equal 
to I lie. flow thrciiigli I be walls if a steady state has been rasahad. 
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The difference in temperature between outer skin and water 
must just be enough to enable this amount of heat to pass. 
In a 10 in. X 18 in. two stroke engine which loses say 
30 H.P. continuously through the walls of an exposed 
area of 4 sq. feet, the average temperature gradient * will be 



temperature of 200° C., then the outer skin would be at 175° C. 



•025 *05 *075 0 */ 0/25 0/5 0775 0-2 0*225 025 


oe^Jnchcs depth in Meta/, 

Fio. 28. — Showing amplitude of temperature oscillation in. an infinite block 
of metal when the skin temperature oscillates above and below the mean 
temperature of the block. 

From the equations of par. 72 it is possible to calculate the 
flow of heat through the inner skin into the metal during the 
period of time (i.e. the explosion stroke) in which the skin 
temperature is greater than that of the mass of the metal. 

* A plate of average iron, having a temperature gradient of one 
degree Cent, per inch of thickness, will steadily transmit per square 
foot of area about horse power. 
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=.-. (i-.'iP wliich may lit! enuHlfd to ()d7(!, giving 

(; i ‘A-r> deg,, or 11 total tfmjifrut.iiri! (weillalion of 7 dcgreen, 
TIiih imlieatfK gcntTiiliy thnt a Hiimll oHoiflal ion in tlio iompora- 
tiire of tilt! iniienntmf layt>r of metal in quite Hiiflieient to absorb 
anti level iho temiwratnro oscillatioiiH vvliieh tlio gas kmds to 
set up in the eylinder walls. Wti may cont^ludo from this that 
although (ht! temperature at any point of tho walls dispends 
on tho fiosition of that point, it diMJS not sonsihly vary with tho 
time : that is to siiy, that at any given point tho temperature 
in tho walls remains nearly steady, Thu wall may tlioreforo 
lio considered as of two parts— the inner skin whicjh acts as 
an accumulator of heat energy, rapidly abstracting it during 
cxploHum and giving it out again later; and another part, 
consisling of the whole of tho rest of the wall, which acts as 
a Hk'iuiy tranKinitter of the heat fed into it through tho inner 
layer. 

76. Heat Patihs. — A Himple Jiict uro can now bo drawn of tlic 
maniHT of lieat flow in a gas engine cylinder ; heat passes to 
the walls by convection and radiation ; this is facilitated by 
the etsiling of tho walls by tho wattsr circulation. Heat 
flows most fntdy into those parts of tho motal which art! in t,he 
explosion Kpnee. ¥aIvo soatings, ignition bosHCs, and parts 
supported by tvobs tend to get hottest, ns tho water is more 
remote and tho heat has less chance of escaping. The main 
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heat flow is straight through the metal of the waU, but it also 
passes aloTig it if the water supply be not copious. A certain 
amount of heat passes into the piston face. This escapes in 
two ways — out at the back of the piston, and radially to its 
edge and along the trunk. All these heat paths require study, 
so that proper allowances can be made for the expansion of 
the metal. Ignorance of the way in which this expansion 
occurs has led to the cracking and failure of a great number of 
cylinders. 


EXAMPLES 

1. The temperatures on the two sides of an iron plate 0-5 in. thick 
differ by 10° C. How much heat in C.H.U. passes through per sq. ft. 
per minute ? Conductivity of iron is 0-0074 C.H.U. per sq. ft. per 
sec. for each degree Centigrade drop of temperature per foot of travel. 

2. A gaseous mixture has a specific heat at constant pressure of 0-20 
and one at constant volume of 0-19. J = 1303. 

(i) What is the law of adiabatic expansion ? 

(ii) If a pound of it is at 120° C., pressure 5000 lb. per sq. foot, what 

is its volume ? 

(iii) A pound of it expands according to the law PV' =* constant ; 

what is its rate of reception of heat in C.H.U. ? 

[B. of E., 1899.] 

3. The characteristic equation for the expansion and compression 
of one pound of air is PV = 96 T, 

where P = pressure in lb. per sq. ft. 

V == volume in cu. ft. T = temperature abs. in degree 
centigrade. 

One pound of air expands from an initial pressure of 50 lb. per sq. inch 
abs. to a pressure of 20 lb. per sq. inch abs., the corresponding change of 
volume is from 4 to 15 cu. ft., and the mean value of the pressure during 
the expansion (as deduced from a diagram) is 32*7 lb, per sq. inch. 
Calculate — 

(i) The initial temperature. 

(ii) The final temperatme. 

(iii) The change in internal energy and the heat received or rejected 

during the change from the initial to the final condition. 
[C, = 0*169.] 

[B. of E., 1912.] 

4. Air is compressed adiabatically from 15 to 700 lb. per sq. inch in 
two stages, the air being cooled finally, and also between the stages to 
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Q ^ • 

5 iirface jr= o is — 7 =^ where a = , h being the con<iucti\rit 3 ", c th.& 

y/Ttat 

specific lieat, and p the density of the material. 

[Mech. Sc- Tripos, 1912.] 

9. A quantity’ of heat Q per miit area is suddenly conicmijiiicated to 
the plane face of a solid slab of great thickness. Prove that the tem- 
perature t seconds later at a depth x within the solid will bo 



wliere k is the thermal conductivity, c the thermal capacity per uniti 
volume, and a a constant. 

Plot a curve on any convenient scale showing the tcmpemture distri- 
bution in the solid at any time, and show from this curve that a == 

0’565 iiearty. 

[Mech. Sc. Tripos, 1911.] 

10. Praw the entropy-temperature diagram for an ideal gas-engine 
working on the Otto cycle, and compare it with the similar diagram of 
the same cycle when the specific heats are functions of the temperatures 
given by C„ = ^ + sr, == a -(- sr, r being the absolute temperature . 
Compare the efficiencies in the two cases, 

11. Show that, if later experimental evidence should require the 
addition of a term dependent on in the expressions for the speeifi c 
beats, i.e. if C^=^-i-^T-l- 5 T^, then the adiabatic law, given 022 . 
p. 82, would become 


pjS yae»r+irr*==const. 


12. A gas engine has a cylinder, diameter 11-5 in., stroh© 21 in,, an<i 
a compression ratio 6*37. The volume of mixture taken in per cycle 
is found to b© 0*83 times the stroke volume. The outside temperatuno 
is 15® C. and the pressure 14-7 lb. |>er sq. in. At the beginning of 
suction, the temperature of burnt products is 900® C. and for these 
y— 1*25 and the specific heat at constant pressure is 9-31- For tta.o 
mirtuie entering, the specific heat at constant pr^suxe is 0-242 amd. 
7=1*4,. Assuimug the pressure during suction is atmospherio, fintd. 
the heat supplied to Ihe gases from the inlet valve and the cylind^ir 

[Medh. Sc. Tripos, 1921.] 
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The Gas Engine 

Modm ow Action— T yrKS op Knoink- TrtfMPiiRKY Gas Pump- 
Gas Tukiiink Mirmons op Improvino Kpiociiwov Inwicatobs 
AND Indicator Diaora.ms IIkat Hadanck .Skkicts -Enoinic 
Tksth Govkhnino — Gvci.k! Ikrkdudarity Hadanoino. 

77. Modes of Action.- 'J.’Iri three ideal eyeles of operation 
an* : - 

(1) Constant pressure cycle. 
i'l) Constant volunu^ (^ycle. 

{'A) Constant t4mii>cratnre cycle. 

.\n(l an engine working on one of those may bo either a 

(1) Two-stroke engine, or 

(2) Four-stroke engine. 

And it may further be either: — 

(1) Hingle-aeting, or 

(2) Double-acting. 

This leads to a eonsiderablo variety of types, although fully 
HO jKT cent, of the internal eomlnislion engines in the world 
work on tlie constant volume cycle, are four-stroke and singlo- 
iM'ting. The various cornhinatioiiB are set out in the following 
table, and the names of the more important of the ropreaenta- 
tivch of each class are given. Some engines, sueli as the 
Humphrey Dump, arwl (las Turbines, do not fall into any 
distinct class. 
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Internal Combustion Engines 


Constant Pressure Cycle Constant Volume Cycle Constant Temp. 
I I Cycle (not used) 


Two-strok© 

1 

Four-stroke 

1 

Single- 

f 

Double- 

Single- 

1 

Double- 

acting 

acting 

acting 

acting 

(Diesel 


(Diesel 


oil 


oil 


engine) 


engine) 



Two-stroke 
(Clerk cycle) 


Four-stroke 
(Otto cycle) 


Single-acting Double-acting 

(Oechelhauser (Koerting gas 
gas engine and engine and 
others) others) 


Single-acting 
(most common 
form of engine, 
oil, petrol or gas. 
Many types) 


D ouble-acting 
(Cockerill and 
several other 
large gas 
engines) 


The relation between the maximnm number of explosions per 
minute and the number of revolutions per minute depends upon 
the class to which the engine belongs. The four- stroke single- 
acting engine has one explosion, and therefore one wor king 
stroke for two engine revolutions; the four-stroke double- 
acting and the two-stroke single-acting engines have one 
explosion per revolution, and the two-stroke double-acting 
engines two working strokes per revolution, as in the case of a 
steam engine. 

Practically aU gas engines work on the constant volume 
cycle, sometimes two-stroke but more often four-stroke ; the 
former is commonly known as the Clerk cycle and the latter 
the Otto cycle, from the names of those who first suggested 
them. 

78. Typical Otto Cycle Engine.— A typical instance of the 
well-known Otto cycle gas engine is shown in section in Pig. 
29. Gas and air enter through the casting G, and pass the 
inlet valve A (operated by cam arrangements not shown in 
the figure). As the gas and air enter, the piston C moves 
along the cyliader, beiug drawn by the coimecting rod D 
attached to the crank-shaft E. After the gases have been 
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expand doing work, and on the exhaust stroke the exhaust 
valve B opens to allow them to escape into the silencer. The 
cylinder is kept sufficiently cool, to enable it to be lubricated, 
by means of a circulation of water in the jacket space F. - 
79. The Origin of the Clerk Cycle. — ^This cycle was invented 
some years after the Otto by Dugald Clerk, who gave the 
following description of it to the Society of Arts in 1905 : 
'' In the Clerk engine the motor cylinder had, at the front ends, 
large ports leading into an annular space, these being the 
exhaust ports. The compression space was conical, and the 
charge was sent in by means of a separate pump, which I 
called the displacer. The action of the engine was as follows : 
When the piston got to the out end of its stroke, and the 
crank was crossing the out centre, the piston overran the 
exhaust ports on the out-stroke, and covered them on the 
in-stroke. Meantime the pump or the displacer piston, which 
was attached to a crank at right angles in advance of the main 
crank, was sweeping in and giving its charge a slight compres- 
sion. That charge passed through a connecting pipe, and 
through a check valve, into the conical end, displacing before 
it all the contents of the cylinder. When the main crank had 
returned about 40 degrees of its circle under the centre, these 
ports were closed. It opened about 40 degrees above and 
closed 40 degrees under, and in that time the displacer piston 
had gone fully in and discharged its charge into the cylinder 
and combustion space through the lift valve. Then the 
motor piston compressed the charge, and ignition took place 
at the in-end of the stroke, just as in the Otto cycle. The 
object of the invention was to enable one motor cylinder to 
give an impulse at every revolution. In the Otto cycle there 
is only one impulse for two revolutions, so far as the main 
cyhnder is concerned. The Clerk engine gave one impulse 
for every revolution of the main crank in the main cylinder, 
but to make that possible it was necessary to provide an 
auxiliary crank and displacer cylinder.* The idea was, of 
course, to diminish the irregularity of the Otto cycle by having 

* Crankcase compression is now generally adopted for small two- 
stroke engines, thereby avoiding the necessity for a separate displacer 
cylinder. 
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dnsigtiHof largo iwaj-nt roke enginna, both (h‘rnuin in origin, vi^.., 
tlu*. Koerting and Ifa^ t )i*(‘hi'lhaus(‘r. TIu*. former in donlilo 
aeiing and tia* latd^r Hingie-aeting. Tn the Koorting engine, 
illuHtralcal digraiiunati<*ally in Fig. 30, the piston A is unusually 
long, and by alternately eoviu’ing and uneovering tlio (‘xhaust 
jjort (’ is itself a part of t la^ valve gear. ddie. mixture of gas 
and air in lulmitied alt(*rnately at lii and IJg from the pump 
c'ylifider. If there^ hiis just been an explosion at th(^ Icdbharid 
end of tlie eylinder, tlie piston will movi^ to the rigid , and the 
gases will exjMind, doing work. Uy tlie time the piston has got 
to tlie encl of the stroke, it will havr^ um^ovcuHal tlie exhaust 
port (\ and the burnt gases wall rush away. At this point 
the inlet- viilvft .B| is opened, and fn^sh air and gas are pumped 
in. dlii-K fr<*Hh i^harge is eomjiressed on the ref^irn stroke of 
the pistoiu aiui ignited, as befor(% on tlu^ dea<l point. Tlie 
^ariie I'yi'k* erf t* vents gof*s on at the right- liand cmd of the 
rylimler, so that tiieri»- is an explosiem at the right-liarid end 
idien F is itrie*overts.'l in the left-haiid end and vice versa. 
The piNtori rec'eives ihm*efor«5 just as many impnlseB as a steam 
iuigitie pid-cfii. 

All obvious difiieiiliy about this rnedhod of w^orking is that 
of fke itteomiiig gas may lie cuuight up l>y, and pass 
II way with, llie ex!iain-i^^ produetH and be lost. Tfiis reduees 
eammmy, but of little importance when working with what 
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Attention has been given in the previous chapter to the 
question of piston and cylinder wall temperatures, and it will 
therefore he readily understood that in such a cycle as this 
the heating effect of explosions so closely following each other 
will be severely felt and high temperatures are likely to be 
reached by all parts open to the gases. 

In the Oechelhauser engine shown in Fig. 33, there are two 
pistons which are so connected to the crank-shaft as to move 
alternately towards and away from one another. * Air is 
admitted from the pump cylinder through the holes 0, in the 



Fig. 33. — Diagram of Oechelhauser Engine. DOR direct Connecting Rod ; 
ROB two Return Connecting Rods ; Air enters by Holes at (7 ; Gas 
at D ; Exhaust leaves at B. 

walls of the cylinder, and gas through the holes at D as the 
piston, A 2 , uncovers them in turn. The mixture is then 
compressed between the two pistons as they come together, 
ignited at the dead point, expanded during the expansion 
stroke, and then exhausted by the uncovering of the exhaust 
port B. The engine is single-acting so that only half the 
horse-power is obtainable as compared with a Koerting engine 
of the same cylinder dimensions. The piston Ag works 
directly on to the cranlr-shaft as shown, but the piston Ai 
has to have a separate cross-head and two long return connect- 
ing rods. The balancing is good, as the two heavy pistons 
balance one another. The Gobron-Brill^e and an early form 
of the Arrol- Johnson motor car engines worked in much the 
same way. The engine invented by H. F. Fullagart and 

* See also diagram on p. 171. 
t H. F. FuUagar, Proc. IM.E., 1914. 
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known by his name also bears resemblance to the Oechelhauser. 

That there are difficulties to be overcome in the construction 
and working of large gas engines, particularly those working on 
the two-stroke cycle, is shown by the history of the generating 
station for lighting and tramway work which was established 
some years ago at Johannesburg. The plant was operated with 
Oechelhauser gas engines driven by gas from Poetter producers 
using Transvaal coal. Erom the beginning many difficulties 
arose in the operation of this plant, mainly on account of the 
lack of requisite experience in the manufacture and operation of 
similar installations. The cost per unit is reported to have been 
higher than was anticipated, and the plant has since been shut 
down. This occurrence must not be taken to show that Oechel- 
hauser engines are unsuitable for heavy work, since in numerous 
places on the Continent engines of this make are working well. 

Later designs of opposed piston engines are the Camellaird- 
Eullagar Diesel engine and the Doxford Diesel engine. The 
former is of the two-stroke type, having oil fuel injection at 
the centre of the long cylinder. In its vertical form the top 
piston instead of being connected to the crankshaft through 
side rods, as in the Oechelhauser, is connected to the bottom 
crosshead of the adjacent cylinder by diagonal rods. In the 
Doxford engine, oil fuel is injected by a pump working up to 
7,000 lb. per sq. inch. 

81. Other Types of Engines. — ^There are a number of British 
and foreign makes of engine (e.g. the Ehrhardt and Sehmer 
engine) which work on the four-cycle double-acting principle, 
giving an explosion per revolution for each cylinder, so 
that for two cyhnders placed tandem every stroke is a 
working stroke just as in a steam engine. With the tandem 
arrangement there is the advantage that the motion towards 
each dead centre is always accompanied by a compression 
stroke ; this leads to a cushioning action which is useful as an 
aid to overcoming the inertia effects due to the moving parts. 
Engines of this type have met with much success, thus Mathot,* 
writing in Oas and Oil Power, stated that : A 600 H.P. double- 
acting Ehrhardt and Sehmer engine, with two tandem cyhn- 
ders, was tested, without previous cleaning, after four months’ 
♦ December 15, 1906 
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(’(iiitinuiiii,*^ wotii with j-okc-uvi-ji of frimi <o 

(r(ili>rif8 ; flic trial waM carricil mii by (he itinkcrw' ('HgiHccrH 
under tile Huj)er%'iwoa of Kj^l. ftergiiispcctioii’a engineer. 
ThanlvH to a large gawnnefer, the record of gna eon.suntjif ion 
WiiK taken for a period of oru* hour. The nieelmnical (dlieietiey 
wiiH HS jHif cent. Tim engine wum new and was tcNled on a 
normal load. The dinienHioiiK of ita piHtonH and jii.ston rodn 
wer(> reapeetively 020 mm. and 170 mm., 70f) nun. Ktroke, 
and 150 rev(»liitioriH. ft, juat. reached ft'JO KW., generating 
tlmai-|»ha«e enrrent. In tlie eonditioriH of tiie trial the actual 
thermal effleiency was more than 31 per cent,, or nearly 37| 
imr cent, of that indicated. Unfortunately, wimilar trials to 
this are rare heeause gasomcterH are not usually sufficiently 
larg(‘ to measure (he exact amount of gas used hy the engino.” 
Another \v(‘Il-kno\vn type is the Premier g»S engine. Perhaps 
its in<).Ht familiar feature is the scavenging of the exhaust 
products iiy means of an air blast. It has been stated that 
this blast is capable of keejiing tlie cylinder interior almost 
fna^ from deposit even vvlien working witli bituminous fuel 
gas plant. An account has been {tublish(ai * of a 1,200 H.P. 
four-cylinder gas caigine by the J’remier (las Engine Co., 
which was constructed for dins^t cou|»ling to a continuous 
(uirrent generator and consisted of two sets of tandem cylinders 
working on eranks set at I HO degrees apart. A four-stroke 
cycle was employed, so there were two working strokes per 
revolution. A scavenging charge of air supplied from a 
separate air (ylinder at about 3 lb. per square incffi was used 
to clear tlu^ cylinders of waste products. All the valves 
were placed on the cylinder covers; pistons and exhaust 
valves were both water-cooled. It was stated that,, oficraling 
on pnalueer'gas, a compression pressure of 140 lb. per sciuare 
inch could lie ustsi without any dilliculty whatcv(*r from pre- 
ignition, and that a tost on the engine sliowed the mechanical 
efficietwy to 1 h» as much as 87 per cent. 

The Humphrey Gas Pump.- -One of the most remarkable 
applications of the internal combustion principle is mm in the 
gas pump invented by H. A. Humphrey, mad described by 
iiim at a meeting of the Institution of Mechanical Engine«ra 
• Engineering, Jan. H, 1907. 
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in 1909. Its chief feature is the use of a swinging column of 
water in place of piston and connecting rod, the upper face of 
the water column taking the place of the piston face. 

The following extract from the inventor’s description * 
makes his pxnpose clear : — 

'' The idea of exploding a combustible mixture of gas and 
air to produce pressure on the surface of water, with the object 
of raising the water, is of course not new, and attempts to put 
this idea into practice date back to 1868. The efforts have all 
been directed too much along the lines of ordinary pumps, in 
so far that the water lifted has always been forced past a non- 
return valve, and the operation of such a valve with the 
explosive force behind it has been inevitably disastrous. In 
the types of pumps invented by the author there is, when the 
explosion occurs, a full-bore passage from the combustion 
chamber to the final outlet, also some of the water pumped to 
a high level by the energy of the explosion is allowed to return 
again to compress a fresh combustible charge. When sudden 
changes of velocity occur in masses of a heavy and incom- 
pressible liquid, like water, great difficulty is found in con- 
trolling the movement of the liquid. All such difficulties are 
removed in the author’s pumps by allowing the movements of 
liquid to control the pump, and by causing the mass of liquid 
moved to be sufficiently large, so that the velocities are never 
excessive. The mass of water forms a pendulum which swings 
between the high and low level, and, by its movement alone, 
serves to draw in fresh water, to exhaust the burnt products, 
to draw in a fresh combustible charge, and to compress the 
charge previous to ignition. With the movements of the 
liquid quite unrestrained by any of the usual mechanical 
appliances, the result is a pump which works with freedom from 
shock and noise, and which requires very few working parts. 

The subject attains a wider scientific interest from the fact 
that the apparatus follows a cycle in which the expansion of 
the burnt products is carried to atmospheric pressure, and so 
involves a thermodynamic cycle of greater efficiency f than can 
be claimed for the Otto cycle.” 

It is stated that the pump is suitable for working with 
* Froc. JMJS., 1909. t See example 35 on p. 46. 


I 


producer gas, suction gas, lighting gas, petrol or paraffin; 
there are no moving parts except the interlocked inlet and 
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exhaust valves to the combustion chamber and the outleb 
valves from the suction water-tank. The use of a flywheel is 
not necessary, since the reciprocating water column performs 
also the flywheel function. 

The cycle followed is a constant volume cycle, but th-O 
strokes are not all of equal length. The strokes are, (1) ^ 
long stroke during explosion and expansion, (2) another long 
stroke during exhaust, (3) a short stroke during suction, and 
(4) a still shorter stroke during compression. 

A simple form of this pump is shown diagrammaticaUy in 
Fig. 35. 

Imagine a charge of gas and air to be compressed at tbo 
top of the combustion chamber in the space shown and let it> 
be fired by a sparking plug, not shown in the diagram. Tho 
explosion pressure drives the water out of the combustion 
chamber and sets the whole water column in the discharge 
pipe in motion. As the gases expand the kinetic energy of the 
moving water steadily rises, until the gases arrive at atmo- 
spheric pressure. There is then no further driving force on the 
water column, but owing to its kinetic energy it continues to 
move, forward and the pressure in the combustion chamber 
sinks below the atmospheric pressure, so opening the 
exhaust valve and the water outlet valves from the suction, 
tank. Water rushes from this tank into the discharge pipe 
and into the combustion chamber. When the kinetic energy 
of the moving column has entirely expended itself in forcing 
water 'into the delivery tank and in overcoming the friction 
due to its motion, it comes to rest and gradually starts to 
swing back again until it rises to the upper part of the com- 
bustion chamber and closes the exhaust valve by impact. 
Its further motion is arrested by the cushioning effect of tho 
burnt products trapped in the compression space, and gradually 
the water-pendulum begins to swing back again, opening tho 
inlet valve and drawing in a fresh explosive charge which on 
the return sydng of the water is compressed, and, at tho 
dead-point, fired, -so bringing a fresh cycle of events into 
operation. Thus the pumping continues. 

A test by Unwin in 1909 showed a consumption of 1*063 lb. 
of anthracite in the producer per pump H.P. hour correspond- 


fHAI*. V] 


THE a AH KKr;iNR 


123 


ins' tit 12,243 B.'I’h.U. jM-r IMl.l'. hour, a very Hatisfaetiiry 
n-milt. A large, battery tif tliewe |>utii|m wan i-reeted at the 
Cliingford Ivewerveir utiiler a guaraiitiie that not more than 
M Ih. of anthraeito |K>r IMl.l*. hour would bo cotimimed. 
In tl»! official triala conni<U*rabIy bettor rennltH wore obtaitual, 
the average coal conHumptimi being 0-1)33 lb. of <!oaI per l*.li.I,*. 
I hour, and in the case of one of the punijw the oxtronioly low eon- 

munption of 0’733 lb. of coal iKir I’.H.l*. hour waa obtained, 
j 83. The Gas Turbine. — ^The great HuecowH achioved by the 

j Hteam turbine haa led inventors to make numerous attempts 

I to devise a gas turbine and so to reap tho joint advantage of 

! the high tluirmal efficiency of tho gas engine with the oven 

rotary motion of tho steam turbine. iSuch attempts have 
not yet met with success. It is certainly possible to get a 
gas turbine t,o run, but tho efficiency so far realized has 
f been very small, d’lui difficulties to bo contended with have 

only lately been realized ; they are inherent in tho turbine 
anil its accessories and no freak design by a lucky inventor 
will overcome them. To appreciate these diffieultios it is 
neccs.Hary to bear in mind what are the essential features of any 
heat engine, 'rhese features can bo arranged under tho 
; following headings ; — 

: (1) A furnace or combustion chamber where heat is given 

^ to the working substance. 

t (2) A c<M>ler, condenser, or equivalent beat sump into which 

the working substance expands after leaving the furnace. 

! b'or cxjmnsion to take place, there must be ktspt ui) a pressure 

; difTcrenim lajtwcen tho cooler an<l the coinliustion chamber. 

I’he cooler may l>o the ordinary atmosphere. 

(3) A mcidianism which will utilize tho available energy 
of expansion of the working substance as it passes from the 
coinltustitin chamlair to the cooler. This mechanism will give 
out exhTiml work in return, the positive work of tho heat 
engine. 

•f (1) A met^hanism which supplier tho combustion chamber 

with t he working substance. It may also have to withdraw 
the latter from tho cooler. The work required for these 
ojicrations is calletl the negative work of the heat engine, and 
is generally supplied from the eaccoss of positive work. 
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In the ideal engine, there is no loss of heat in the combustion 
chamber. All the available energy of expansion is absorbed 
and there are no losses in the compressor. In this case the 
efficiency will depend on — 

(1) The properties of the working substance ; (2) the nature 
and amount of compression ; (3) the nature and amount of heat 
addition, and (4) the nature and amount of expansion. This 
efficiency is called the ideal thermal efficiency of the heat cycle. 

In practice, there are thermal losses which reduce the avail- 
able heat drop. In addition, no mechanism is perfect, and 
there are losses both during expansion and during compression. 
The total mechanical losses will depend on (1) the efficiency 
of the expansion mechanism ; (2) the efficiency of the com- 
pression mechanism ; and (3) the ratio of the positive to the 
negative work. 

The importance of the last item is often overlooked. Yet 
it is generally the deciding factor. It can be shown that an ex- 
pansion efficiency of 70 per cent, and a compression efficiency 
of 60 per cent, will give an overall efficiency of 42 per cent, 
only, when there is a positive to negative work ratio of about 
6 ; if this latter ratio is reduced to 2J, the overall mechanical 
efficiency becomes zero. However great the ideal efficiency 
of the heat cycle employed the practical results in this case 
would be nil, since the engine would fail even to turn itself round. 

It is therefore necessary to consider the nature of both 
the expansion and the compression mechanism employed. 
This may be either a reciprocating piston or a turbine (rotary 
blower). In the case of the piston engine the pressure of the 
expanding working substance is directly utilized. In the case 
of the gas turbine, this is impracticable on account of the 
high temperature, and the available energy of expansion is 
first converted into kinetic energy by expanding the gas 
through a nozzle. This kinetic energy is then absorbed by 
the turbine wheel. Comparison will now be made of the 
working of a heat cycle utilizing either— 

(a) A piston mechanism 
or (6) A turbine. 

(a) Piston Engine, The piston engine is admirably suited 
for working the internal combustion cycle. The working 
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eyliiHlrr will gFiKi-ally uh its cnvii (charging pump. is 

iluLs no {Ii*Ii\Try work. TIuMiU'chnnu-al cfficuFiicy is v(U’y high. 
Thu supiiratu o|)uriiiitm« of expansion aiuJ (‘omprc^Hsiori (^ari In* 
ciirriucl <nit with ufliukuiuius of over Ihl jkt emit. Strong mix- 
iuros c‘an he* iiHuel as tfie inoulianism is only exposenl to Iiigli kun - 
|Hn*atureH interinittently ; the ratio of jamitivc^ to negatives work 
is ilms Iiigln Clyclas of high ahH<»Iuto thermal (*nic'i(mr.y (liigh 
uoinprcssiim ratio) can be utilizecL The tliermal arcnunall. 

(b) The Turbine. The mechanical efficiency is low. limicad. 
eif a 95 i>or cent, expansion efficiency, as ohtaincKl in the piston 
engine, efficiencies of the order of 70 per cent, at most are 
rc'Milizalde. More common valnes would be between 50 an.cl 60 
per cemt. The sanu^ Iiolds good for the rotary blower. Moro- 
(W'CU’ tlu*. tattiu’ is only eafaihlo of moderak^ (;ompn^HHion ratios. 
Wcuik iruxtnn*H hav(* to be employed, otherwise tlie tnrl)ine 
blade tiunperaturc* hecomcis excessive^ I'ho ratio of positivo 
to negative work is tlms low'. All the gas turbines so far con- 
Htruciecl are ejnite incapable of driving their own cornpressorH 
and leave at the same tinier suflicient margin of power for 
external us(*. Hu* compressor is either driven by the cvxhatist 
lieat of the gas turhiru^ through the agency of a skuim boiler 
and auxiliary stc'iim turbine or better still (from the inventors’ 
pcant fd vic!w) comiireHsed air is obtaitied from ** somewliero 
” ami supplied to the gas turbine free of charge. No 
indc*j>en«l,ent tests of gas turbines so far constructed are avaik 
able, but it is evident that an overall efficiency of 15 per cent, 
hiw fic^t hc*eri exceculcal. Frcnn a carefid analysis of the problem 
iiiiide }iy Mr. iSkwri, it follows, monu)ver, tliat this efficiency 
eiiimot inmihly 1m) exceeded until a blading material which 
will stiiiid a ctmtimums working kun|;>erature of at burnt 600® (j. 
at a rim »fM:*eci of ifie order of 300 metres a second is available. 
The giis tiirlniie has at prem3nt therefore no chance of cornpating 
with the internal ca^mbuHtion piston engine. This statement 
may iit first sight mu*m difficult to harmonic with the successfiil 
of «k.»afn turbines. In the earn,? of th('% latter, 
lifiwovi*r, eonfliihms ns to jmssible ideal cycles are reverscKi. 
liiskuifl of laiiig forcual to employ a heat cycle of smaller ideal 
c*liicieri<*y, the skmm turbine employs a cycle of greater ideal 
rfliiiimcy than can I>e employed in the piston engine. ^ The 
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losses due to pre-condensation are also reduced in the steam 
turbine. These two factors more than outweigh the increased 
mechanical losses. The steam turbine is a success because 
it uses steam, not because there is any inherent virtue in the 
turbine as a mechanism. In the steam cycle, the negative 
work is negligible and change of state gives all the expansion 
required. Replace the steam by a permanent gas as in the 
case of the gas turbine, and the advantages disappear. This is 
shown by the gas turbines so far constructed. That of Armen- 
gaud and Lemale operated on the constant pressure cycle. 
Experiments were carried out between 1903-1906, and the 
overall efficiency did not rise above 4 per cent. The explosion 
turbine of Karavodine (1908) was even less efficient besides 
being only suitable for very small power units (under 5 h.p.). 
The explosion turbine of Holzwarth (1908-11) has been fre- 
quently described. It appears, however, that the overall 
efficiency is less than 15 per cent., and this is not enough to 
make the scheme attractive even though the manufacturing 
cost of the plant might possibly be less than that of a recipro- 
cating engine of similar power. 

In quite small sizes the gas turbine has lately been employed 
as an auxiliary to the aircraft piston engine. The turbine is 
driven by the exhaust gases of the main engine, and the power 
so obtained is employed to supply air under pressure to the 
carburettor intakes : in this way ground-level conditions can 
be maintained and the customary loss of power with altitude 
prevented. The gain in power due to the use of the auxiliary 
turbine is far greater than any loss of power due to the 
higher back pressure in the exhaust pipe. Constructional 
difficulties are but slight in a turbine so sniall as 
this. 

84. Methods of Improving Efficiency (Crossley and Na- 
tional). — One of the chief causes which limit the efficiency of 
gas engines is the high temperature during explosion and the 
very rapid rate at which heat is then abstracted by the 
walls. Two methods have been tried with a view to 
minimize this effect, the idea in each case being to reduce 
the maximum temperature of the cycle without, however, 
decreasing the mean pressure. These two are the water 
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injection tiH'tliod of McHKrrt. Crossloy IJros,, and tho Hupor- 
compreswon mothod of Dugald Clc^rk. 



85. Tbs Water lojeetion Method.— Messrs. Crossloy decided 
to try tho effect of injecting a small spray of water into the 
cylinder during tho suction stroke. The water, entering as a 
fin© spray in part of the air supply, was as evenly distributed 
as possible and did not form a water film on tho cylinder walk. 
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Very little water is required, because of the high value of its 
latent heat. As the mixture explodes the water mist is 
evaporated into steam and the heat so absorbed prevents the 
temperature of the gases from rising unduly high. A 50 H.P. 
engine so adapted was tested by Professor Burstall in 1904 
and the following records taken : — 


Size of engine .... 
Average revs. /min. 

„ I.H.P 

„ B.H.P. . . . . 

Mechanical efficiency . 

Gas used per I.H.P.-hour 
,, ,, B.H.P.-hour . 

Calorific value of gas (lower value) 
Thermal efficiency on I.H.P. 

,, ,, ,, B.H.P. 

Water used in cylinder 

,, discharged from jacket 
Mean temperature of exhaust as 
measured by Callendar pyro- 
meter ..... 


14 in.X21 in. 

16602 

60-5 

49-7 

82*2 per cent. 

11-77 cu. ft. 

14-43 „ 

578B.Th.TJ. per cu. ft. 
37-43 per cent. 

30-8 

0*131 lb. per minute. 


718° E. 


The ratio of air bo gas was 10-2 and the compression ratio 
8*7, corresponding on the air standard to an efficiency of 
0*58. As the actual efficiency found was 0*37 it follows that 
the engine achieved nearly 64 per cent, of the air standard ” 
efficiency. This is a higher ratio than any of those given by 
Dugald Clerk in his 1907 paper before the Institution of Civil 
Engineers On the Limits of Thermal Efficiency in Internal 
Combustion Motors ”), which showed no higher ratio than 
59 per cent, and that only in the case of a maximum tempera- 
ture of 1,098° C., whereas when the temperature rose to 1,750° 
the ratio fell to 50 per cent, and below. On this method of 
comparison, therefore, the water injection method shows to 
advantage. . . 

Water injection has been tried on a still more extensive 
scale by B. Hopkinson,* who used it to replace entirely the 
usual water jacket system. The work of the Gaseous Explo- 

* “A new method of ccroling gas engines,’’ Proc. J.M.P., 1913, 
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sioiiB Committee had shown that almost the whole of the 
cooling loss occurred during and immediately after the explosion, 
mid that the cooling of that part of the cylinder walls which 
did not form part of the combustion space was chiefly useful 
in keeping the piston cool (since unless the circumference of 
tiic piston were kept cool the centre might rise in temperature 
i o the pre-ignition point), so that if a jet of water could be 
projected on to the hot face of the piston and on to the walls of 
the conabustion space it might be possible to dispense with any 
other cooling arrangements altogether. This makes for great 
aimplicity in construction and corresponding economy in 
first cost. 

In. Hopkinson’s engine cold water is injected through a 
hollow casting projecting into the combustion chamber and 
provided with a number of holes or small nozzles rather less 
than a millimetre in diameter. The jets thus formed are 
comparatively coarse, and even after passing through the flam- 
ing gas most of the liquid reaches the hot metal surface upon 
which it is directed. These jets are directed against all parts 
of the surface of the combustion chamber and against the 
face of the piston. 

The engine used for this experiment was an 11 J in. X21 in. 
Ch'OBsley engine having a compression ratio of 6*37. The 
following is an extract from the report on the trial : — 

**The engine was run continuously for 120 hours on an 
electrical load with coal-gas. The engine developed during 
this period 43 B.H.P. on the average, and ran very 
smoothly and steadily. The average mean effective pressure 
Wim 101 lb. per sq. in. When jacketed, the engine would not 
develop more than 40 B.H.P. continuously without over- 
heating, and mixtures giving a mean pressure of more 
than 100 lb. per sq. in. produced excessive maximum pressures 
Cover 500 lb.) with violent thumping explosions. The reduc- 
Arm in maximum pressure, under these circumstances, by 
water-injection is over 100 lb. per sq. in., and the effect is 
very marked, the explosion becoming almost inaudible. This 
effect of the presence of steam in the explosive charge is, of 
coiime, well known, but the quantity of steam formed in an 
engine cooled in this manner is so large that it constitutes a 
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substantial advantage of the method. It will be noticed tlaa^L 
the formation of the steam does not involve any thermodynamic 
loss, such as occurs when water is sprayed into the cylinder 
in an atomised condition and evaporated before reaching tlae 
walls, since the heat used is that which would otherwise Tbe 
wasted in the jacket-water. The quantity of water used on 
this trial was, on the average, 102 lb. per hour, equivalent to 
2*4 lb. per B.H.P.-hour. The temperature of the engine 
varied from 150° to 180° C. No water was visible on the 
piston or the spindles of the valves, and when the engine 
was stopped at the end of the trial the inside of the 
combustion-chamber was found to be perfectly dry. When 
the engine was jacketed, and giving the same power for 
short periods, the jacket-water removed about 67,000 B.Th.XJ. 
per hour, which would be sufficient to evaporate 108 lb. of 
water at a temperature of 20° C. under atmospheric pres- 
sure. The agreement between the available heat and the 
amount of water evaporated is satisfactory, such difference 
as there is being accounted for partly by greater radiation loss, 
consequent on the higher temperature of the engine, and partly 
by the reduction in flame temperature produced by the 
steam, which somewhat reduces the total amount of heat 
passing into the walls. 

The engine consumed in this trial 15 cub. ft. of CambridLge 
coal-gas per B.H.P. hour, reckoned at atmospheric tem- 
perature and pressure. This is approximately the same as 
it burnt when developing the same power for short periods 
when jacketed. Tests at other loads have shown that with a 
weak mixture the gas consumption is slightly increased by the 
water injection, but with very strong mixtures it is a trifle 
less. The difference, however, does not exceed 5 per cent, 
either way, and on the average it may be said that the economy 
is unaffected by the use of this method of coohng. Indicator 
diagrams taken in this long trial compared with similar dia- 
grams taken from the jacketed engine shows that the reduction 
in maximum pressure is counterbalanced by a slightly raised 
expansion line. The pressure is better sustained, partly by the 
formation of the steam and partly hy the reduced loss of heat, 
with the result that the diagram is ‘ fatter ’ and less ' peaky. ’ 
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The inethcxl liaH Kinoe licen succeuMfuIIy applied to niuch 
larger engines. 

The Super-Compression Method - I’liis nuithod is diut 
to Dugahl Clerk, wlu) in his .lames ,I'’orreHt .Lecture 
before the Instittdion of Civil Engineers, dewiribed it tlnis : 
“ iSf)nie time ago it app<jared to mo po8.Hibl<! to re<Iue(s rnaxiinmii 
temptTatures by increasing the (diargo weight per Htrok(( givcti 
to an engine. 1 had experimented with two engines, oik! 
having a 7 in. cylinder, 15 in. stroke, and the otjior a 10 in. 
cylinder, 18 in. stroke. These engines, which are of the 
ordinary standard four-cycle type, are allowed to take in 
the usual charge of gm and air ; then at the end of the stroke 
a fiirtlH'r charge of air or other inert fluid is added to increase 
tlie prc.<Kure in the cylinder to 7 lb. or 8 lb. per square inch 
ah(»v(i atmo.spherc before the return of the piston. A small 
part of th<! return stroke is, however, made before the pressure 
can Ik; materially increased as the added charge takes some 
time to fill tlu; cylinder. This has the effect of increasing the 
eharg(; weight pnssent in the cylinder by about 40 per cent, 
and of increasing the |>resHuro of compression without, however, 
in<!reaKing the temperatun; of compression. Indeed in l)oth 
cxpcirirnents the temperature of compression was diminished. 
As the charge {iresent is constant so far as gas is concerned, 
the maximum tempt>rature capable of being produced is much 
rwliK-ed. The maximum temperature shown by the diagrams 
taken l>y me from these two engines is about 1 ,200® C. Experi- 
ments w<‘ro made and it was found that the heat-flow was 
re<iueed to almut two-thirds, and further that the moan 
available fjressure was increased about 20 per cent.” 

'I’he thermal efficiency of an engine which on working 
without 8U{Mir-compr(!ssion was 27-7 per cent, showed an 
irHTcasi; to 84-4 per cent, when super-compression was adopted. 
One WK'K therefore that if the atmospheric pressure wore 60 per 
eerif . higher than it is, it would suit the working of gas engines 
a gn'ai d<*iil l«*fter.* 

• Tlie ennvenw of (his is soon in the ease of engines which have f.ti 
work iiS HtufioiH wfiicli are at a conaidorable lieight above sen level. 
The hf*rw*-[K»w<'r under tlwse crmdttionH falls off, and manufacturers 
usunlty allow for a loiw of al«>ut SI per cent, for ovory 1,000 ft. of 
flit it lido. 
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The improvements in operation obtained by the watex' 
injection and the super-compression methods are of course 
desirable in themselves, but they are really the most welcome 
for what they bring in their train, viz. freedom from cracking 
of cylinders and pistons. 

86a. Other Methods. — ^In the Still engine an attempt is 
made to recover a substantial part of the heat ordinarily losi^ 

I in the exhaust and in the coohng system. The jacket water, 
which is kept at about 180^ C., passes into a boiler where stearxx 
is raised at 120 lb. per sq. in. ; moreover the exhaust is passedL 
through tubes in the feed water heater ; the steam so raised 
is admitted to the opposite end of the cylinder to that which 
is operating on an internal combustion cycle. The engine is 
therefore both an internal combustion engine and a stearxx 
engine. A thermal efficiency of 44 per cent, is claimed. 

Ricardo has urged that advantage should be taken of tho 
possibility of increasing efficiency by closing the inlet valwo 
late, so that for a given compression ratio a much larger 
expansion ratio is obtained. This was one of the theoreticail 
advantages of the early Atkinson hnk motion and is attained 
too in the Humphrey Pump {see Ex. 35, on p. 46). If it wero 
adopted on the ordinary form of internal combustion engines 
it would add appreciably to the thermal efficiency, and would 
go far to silence the exhaust, but it would of course make for 
a heavier engine. 

87. The Indicator. — ^A very important instrument used 
in connexion with gas engines is the indicator. It is an appar- 
atus which when attached to an engine draws a curve showing 
how the pressure in the cylinder varies at different points ±xx 
the stroke. The best known modern form is the Crosby- 
shown in Fig. 37. On the left of the illustration will bo 
seen a small cylinder containing a cup-shaped piston which is 
regulated in its upward motion by the downward push of 
the strong spring seen above. When the indicator is screwed 
on to the engine cylinder the gas pressure causes the indicator 
piston to rise through a distance proportional to the foroo 
exerted. The little piston rod rises also and communicates 
its motion to the long slopmg lever seen above. This lever 
carries at its far end a pencil which traces a line on a paper 
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shret fasfeiipcl roiinc! Hh* dniiii on tlu^ right, vvlih^h is 

mack* to osc’illafe to aricl fro hy the? (‘ord nhenva (Hi tfi<? (^xtnvnic? 
right of the diiigrain bedng atiii(?hed to a nioving link which lias 
a riKitiori siniiliir to tliat of the {iiston, hot 1 (?hh in aaoouut. 
The jKOieil tIierf*fore tra(‘(»H out the? cloned esirvc? known as 
indicator eliagraiii. 

Fig. tlH sliowH another form of the? hmtrumcmt having the? 
spring onlMuie^ where it in lem iifre?(?teHl hy tin? lie‘atand Hogiv(?H 
a bc?iter reading. Of eourBC all thc?se nprirign iii^ed to be earej* 



Fiii. 37. - Imlif'ftajr with 

Iiitcriittl Hprhig. 


Fin. 38. - (jrewby 

wiili Extoraal Bjiring. 


fully «> juivaneo so that it is known how much pros- 

surc is repn.Hcntcd i>y a riso (»f the fiencil point oqual to, say, 
I intdi. 'rhere are e<*rtaiii qualiticw whicli a woll-dcsignod indi- 
cator shoiihl have. It must have a spring stiff enough to ensure 
tliat the maximum pressure will come well within its range. 
It must have a well-designed pistf^n, as light as is consistent 
with strtsngth, which will move freely in the cylinder. A 
slight leakage of gas is much loss of an evil than any chance 
/)f the piston stieking or jambing. In the Crosby form the 
piston is made from a solid piece of tool steel, hardened and 
then ground, and lapi»ed to gauge. It is provided with a 
socket to receive tlie bead at the end of the spring and has 
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screw adjustments for locking the spring in place. As has 
already been indicated, the to and fro motion of the 
paper is obtained from a cord attached at its other end to some 
point in the upper part of a swinging lever of which the lowest 
point is connected with the engine piston or some part that 
moves with it, so that the motion of the engine piston is 
reproduced to a convenient 
scale. There is also a 
Crosby reducing device for 
doing this. It is illustrated 
in Eig. 39, and its principle 
of action is easily seen 
therefrom. In this device 
the cord at the bottom can 
be fastened direct to the 
crosshead, or other part at- 
tached to the piston, the 
cord passing over guide pul- 
leys if necessary. It is 
better, however, not to have 
a longer cord than necessary, 
lest its stretching with the 
pull put on it should intro- 
duce error in the indicator 
card. For very accurate 
work the cord is some- 
times replaced by steel wire. 

88, Reflecting Types of Indicator. —Although the indicator 
is an important instrument in gas engine work, it does not 
occupy the position which it holds in steam engine practice 
where lower speeds and pressures are met with. A much more 
rapidly moving instrument is needed in internal combustion 
engines, and such indicators tend to be fragile and are 
therefore little used except for special investigations. The 
usual form of such indicator makes use of a beam of light 
reflected from a vertical mirror which is caused to tilt as 
the gas pressure rises ; at the same time the frame in which 
the mirror is held is made to move angularly to and fro in 
time with the motion of the crosshead, thus producing by 



Fig. 39. — ^Reducing Gear for Crosby 
Indicator. 
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the combination of motion the familiar shape of the indiciator 
card. The beam of light, unlike the steel levers of the older 
form of indicator, has no weight, and therefore no inertia to 
make it lag behind its true position. 

Beveral models are now in use, but the principle of action 
is much the same in ad. A diagram showing this principle 
is given in Kg. 40. It consists of a small cylinder containing 
a piston, just as in the Crosby indicator. The spring, however, 
is a small straight steel beam, held at the ends, as shown in 
the diagram (in some instruments the spring is in the form of 


Beam 

^Usht 



Indicator Curd. 
Onc/flution 
rrsmework 
tor t Olio w mo 
Crosisheuu 
Motion 


I nd Ion tor 
Cylinder 


Fio, 40.— Hopkinion FlasWight Piston Indicator. 

a diaphragm agairwt which the gas pressure acts without the 
intervention of a piston). The pressure bonds this spring 
upwards and so tilts the little mirror about a pivot. A beam of 
light is made to shine on the mirror, and the tilting of the 
latter deflects the path of the reflected beam through twice the 
angle through which the mirror is tilted. The reflected beam 
therefore moves through an angle which is directly propor- 
tional to the gas pressure. To give the beam a sideways 
motion equivalent to the stroke of the engine, the rocking 
lever is made to reciprocate the bracket carrying the spring 
beam and the mirror. The mirror therefore gets a partial 
rotation about a horizontal axis proportional to the pressmre 
and a partial rotation about a vertical axis proportional to 
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the stroke. This being so, the beam of bght on being reflected 
from the mirror draws a true indicator diagram on the screen, 
and owing to the speed at which the spot of light moves upon 
the screen, the diagram will appear as a continuous curv^e. 
For permanent record a photographic plate replaces the screen. 
For really high speed work the diaphi*agm indicator has so 
far given the most useful results. Replacing the piston by ^ 
thin steel diaphragm reduces the inertia forces considerably V 
the free period of the Watson Diaphragm Indicator is of tb-O 
order of 5,000 vibrations per second. Such instruments, 
however, require frequent calibration and very careful use. 
They are quite unsuitable for the ordinary test shop. 

89- Mean Effective Pressure. — ^From an indicator diagram 
it is easy to find the mean effective pressure acting on the piston, 
i.e., the average pressure in the working stroke less an allow- 
ance for the opposing pressures in the idle strokes. There are 
two methods of doing this : — 

(1) A mechanical method, by using the planimeter. 

(2) A method of approximate computation, by using what 
is called the ‘'mid-ordinate rule.'’ 

The planimeter is made to follow the pencil line continuously 
and so automatically to subtract the area due to the lower 
part of the diagram ; it thus measures directly the area in sq[. 
inches of the closed figure ; if this area be divided by the 
horizontal length of the diagram in inches, it wiU give the 
average breadth of the figure measured vertically, and this, by 
using the scale of conversion for the indicator spring employed, 
gives the mean pressure in pounds per sq. inch.* 

In the second method a series of equidistant vertical lines 
(usually eleven in number) are drawn across the diagram as 
shown in Fig. 41, so that the first and the last just touch the 
two ends of the diagram. The mid-ordinates bisecting these 
spaces are then drawn (shown dotted in the figure) ; the 
lengths included within the diagram of these nodd-ordinates are 
then measured and their sum divided by the number of them ^ 

* In the case of a four-stroke engine it might at first sight seem 
desirable to divide the average pressure over the two outward strokes 
and not on one of them only, but the accepted convention is that given 
in the text. 
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This method gives, as before, tJie average breadth of the 
diagram measured parallel to tlio pressure axis, and so the 
mmn e^ecHve premure is obtained. 



Fio. 4I.-««*Obtainmg Aroa by Mid-ordinate liulo. Area ODE counts as 
pomtive ; area A B ns negative. Mid-ordinate lioight of negative loop 
rniiifc lie suhtracteii from that of positive loop, 

90. Effect of Engine Speed. — The Crosby indicator above 
deseribed is well suited to gas engines raniiing at norma) 



Fio, 4^,--Ificlicator Ditigmm taken from a fast running Engine with a Weak 
Indicator Spring. When expansion curve is wavy, the I.H.F. cannot 
mfely l» cicten;riin«l from the diagram. 


pmiii, but not to petrol engines, which sometimes run at 
W r.p.ra. or even more. At speeds over 600 the effect 
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of inertia-lag is felt even in the best of the pencil-indicators. 

At such speeds the piston has not time to get itseh and the rods 
fastened to it into a position corresponding to that due to a 
steady pressure equal in amount to the momentary gas pressure, 
and the resulting diagram is therefore incoirect. Moreover, 
as the engine speed approaches the free-period of the moving 
parts of the indicator, the latter tends to vibrate sympathebic- 
aUy, and the lines dravm are wavy, as shown in Eig. 42. 

91. Estimatiiig indicated from Brake Horse-Power. — ^Apart 
from difficulties with indicators at high speeds, it is far frora 
easy to count accurately the number of explosions and bo 
ensure that the “ card ” shows an average explosion. Ib is 
not unusual, therefore, to measure I.H.P. by adding to blue 
B.H.P. figure the B.H.P. necessary to rotate the engine light ; 
this assumes that the mechanical loss is constant at all loads. 
Professor Hopkinson has carried out a complete series of bests, 
using the reflecting type of mdicator already mentioned, bo 
elucidate this point. He found that “ the difference between 
indicated horse-power and brake horse-power is rather less 
than the horse-power at no load imder the same conditions of 
lubrication, mainly because of the difference in the power 
absorbed in pumping. In the particular engine tested, the 
error from this cause in obtaining the indicated power would 
amount to about 5 per cent. The friction is substantially con- 
stant from no load to full load, provided that the temperature 
of the cylinder walls is kept the same, but the influence of 
temperature is very great.” 

Ricardo * has given the following analysis of engine friction 
apphcable to an average high speed engine and expressed a-s 
back pressure on the piston : — 

Bearings .... 0-75 to 100 lb. per sq. inch. 

Valve Gear . . , o-75 „ 0-80 „ 

Magneto .... 0-06 „ 0-10 

Oil Pump . . . 0-15 „ 0-25 „ 

Water Pump . ... 0-30 „ 0-50 „ „ 


2-00 to 2-65 „ 

The piston friction is commonly 5 to 10 lb. per sq. inch. 
• N.E. Coast Inst, of E. & S., 1918. 
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92. Analysis of Motion of Indicator Piston. It. in imporiaai 

to exaiiiine luatluoiiatically tlio iiioveniont of an indicator 
when Hc»t to ohBcrvcj a very rapidly (diariging prc^HHiiro. Tho 
piston mml in the indicator iirntruinont cannot abHoliik^ly 
wcightlesB whatever improvement may be made in reducing 
tlie weiglits of the moving lovers (eitiier l)y ado|)ting ligliter 
Hcantlings or by nsing a beam of light). Let the ]>reHHnro 
acting on the base of the piston of mass M at any time bo p, 
also let'^ piston area =: a and the motion of the piston be S 
inches for each pound per sq. inch of pressure acting upon it. 
Then the forces acting on tlie i)iHton when at a i)oiut z above 
its lowest position 
upwards PX^ 

downwards 


therefore 

or 


or. va. 

(ll" »S 


a 


iPx 


f(h 

m' 


. . ( 1 ) 


Tlio Comf)lete Trit(*griil is 


x--‘-k sin 


^ SM 


I + B Cf)H 



Now when t~o, x=o and 


dx^ 

(It 


thoreforo 


-/-isf 1 — COH \/ ®. J 

i ^ HM ) 


Tliifl means that 


the {listen riseH to a heiglit pH and then oscillates about that 

a 

m. 


ptiHitiori with a frequency equal to ~~ 


All this iissnnies, liowovor, that is a constant or that it 
increases with such rajiidity that it assumes its final value 
iHiforo the indicator piston has had time to move. It would 
have licen more accurate to assume p to rise from zero to its 


final value in, say,-~th part of a second and to consider what 
n 
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happens during this interval. To do this put p=ai.t where 
has the constant value given by the equation ; — ^final value 

£ ai 

01 pressure^— . 

n 


Equation (1) now becomes 

d^x .a a ^ 

dt^ ^SM M ' 


and the Integral 
x=A sin 


^4-B cos 
SM 


• (2) 


SM 


And when t=o, x=o and — =o 

dt 


therefore 


x—Sai 


t- 




Now SaJ; is height to which piston would rise under the 
slow static pressure — call it % so that ^ait=h, and let / be 
the frequency of the free vibration of the indicator piston. 
Then 


f=l- \/ — or 2:i/=: A / _1 
m. ■'V gj/ 


or 


1 


-sin 27tjt 


27lft 

This means a fractional lag of 


1 

27lft 


SM 

. . (3) 

as a maximum, but 


for any particular case it can be calculated thus. One may 
put / as 300, which about represents the use of an instrument 
of the Hopkinson type. 

Then 

x=:}i\l — — ^ 

[ mot 


sin 1890^ 


It wiU be useful to compute a few values for this for cases 
in which the value of ^ is much shorter than the periodic time 
of the instrument. When this is so, sin 1890^ can be written 
with sufficient accuracy as 
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Ml 


I 


i 


I 




(1890<)-<±m‘ 

=4.<'’‘“>LraM,00«/.A 

6 

The relation between a: and I in these early stages is then^fore 
parabolic. The time t starts, so to speak, first, but x sooxi 
increases and gradually catches up. 




F«0- t>!»grftm ilhMtrating the way m which an undamped Indicator 
would follow a nipkl cjtpicsion. Period of Indicator, geo. 
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Thus for 


For 


^=r(TtiV5T5' 


X 600,000 


h (100,000)2 

^ = r (Tou^ 

X 


=0-00006 


h 


1=0-006 


for 


t — j Q*Q Q sec. 


== 0-6 


but for this value of t our approximation no longer holds. For 
{ = _3^the calculation should proceed thus 

1000 


—=(l- 
h \ 


1890 


sin 1-890 


) 




1-89 

J. 

’^89 


■ sin 108” 


X0-95=l— 0-50 


.• *=0-60 
h 

showing that the instrument is beginning to pick up. Evi- 
dently therefore it will not do to use an instrument for recording 
an explosion occurring in jqVo s®®-> uiiless its own frequency 
exceeds 300. 

The following table shows a series of values, and in Fig. 43 
they are shown plotted. 


t 

iec8. 

imt 

sin 1890« 

(j-gLsinlSOO*) 

X 

h 

TcrbWzy 

- 




0*00006 


— 

— 

— 

0*006 

TcW 

— 

— 

— 

0*15 

115^)0 

1-89 

0-95 

0-50 

0*50 

shis 

3-78 

-0-60 

-0-16 

1*16 

Ths 

4-72 

-1-00 ! 

-0-21 

1*21 

iriu 

7-56 

0-96 

0-13 

0*87 

■rhs 

18-9 

0 

0 

1*00 
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Whenever I is a multiple of s-A-o the value of-~- will be I'OO. 

h 

The a}K>vc curve docs not of course take account of the fric- 
tional forces which prevent the indicatfrr piston continuing to 
vibrate indefinitely. Rtudents are rccomniendcd to work the 
prol)lcm out, introducing into equation (2) a term representing 
the frictional force. The result will be to multiply the oscilla- 
tory term by a factor of the type which, when the student 
has plotted the resulting curves, will show that the straight 
lino is soon followed once the curve comes up to and crosses it. 
From the curve in Fig. 43 it is clear that for recording an explo- 
sion occurring in nroTTO ^his indicator with its q period 
woiikl he inadequate. The piston would scarcely have moved, 
h'or an c.Kplosion occupying ten times as long, i.o. o 
t he indicator would still be lagging a long way behind. For 
a 3 ,’ „ sec. explosion the actual maximum pressure would be 
very fairly repnssented, btit not the shape of the explosion 
wave. In fact for useful readings the instrument sho^d not 
l«i used for any sharper tsxplosion than ^ sec. For an ordin- 
ary gas engine explosion occurring in sec. the instrument 
woukl 1)0 quite satisfactory. 

93. Engine Tests. — ^Theso are the tests applied when the 
engine has been constructed and built. They consist in the 
actual running of the engine as nearly as possible under work- 
ing conditions. The longest run is at full load, and it is cus- 
tomary afterwards to run for a time at half load and at no 
load. Sometimes it is specified that runs should bo made at 
three-quarter load and one-quarter load, and occasionally over- 
load tests arc made. It is almost impossible for one 
observer to do all that is necessary in such a test. The 
workshop custom is to measure — 

(1) The brake-horse-power. 

(2) The amount of fuel used per hour. 

(3) The quantity of cooling water used per hour. 

(4) The rise in temperatur© of cooling water between inlet 

and outlet. 

(5) The revolutions per minute. 

Sometimes the indicated horse-power is also measured, but 
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with high-speed engines this is not usual Two observers can 
carry out the above tests. When tests are made not as a 
matter of workshop routine but as a matter of special research 
in workshop or college laboratory a very large number of addi- 
tional tests are carried out and many observers are needed. 

Indicated horse-power is deduced from the indicator dia- 
gram, obtained in the manner already described, and the 
record of the number of explosions per minute. The work 
done in ft.-lb. in a working stroke is 

Mean effective pressure in lb. per sq. inch X area of 
piston in sq. inches X length of stroke in feet. 

This, multiplied by the number of working strokes per minute 
and divided by 33,000, gives the I.H.P. This is, of course, 

the same as the formula given in books on the 

33,000 ^ 

steam engine, but it must be observed that N must be taken 
as the number of working strokes per minute, not the number 
of revolutions per minute, i.e. in a four-cycle engine N cannot 
be more than half the number of r.p.m. and may be much less 
if the governor should be cutting out explosions. 

Brake horse-power is the power exerted at the crank-shaft 
and it is measured by applying a frictional load to the fly- 
wheel, as shown in Fig. 44. A test of this kind is often called 
a bench test.” A number of wooden blocks are fitted loosely 
to the rims of the flywheel and connected together by one or 
more ropes or by a canvas belt. A number of heavy weights 
are hung as at Pi and a spring balance is placed at Pg. The 
distance D is measured in feet. As the force due to the weights 
Pi is greater than the force at Pg there will be a force acting 
against the direction of the arrow of Pi — Pg. The work done 
therefore by the flywheel in one revolution in the direction of 
the arrow == force X distance moved 

= (Pi”— P2)X7rD, 

and if there be N revolutions per minute the 

jg jj p (P 1 P 2) X wD X N 

33,000 ’ 

As this power is all being spent in friction it produces heat, 
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and in tho iargrr tlio flywla^d han to ho cooled l)y a 

wiitor Hjjray. hi tiio v«‘ry hig^{*st (?V(*n thin in not 

enough and a Hpcadal water churning ()rako in nseHl, or cIho ilio 
haul iH “ takcai up ” cdeetrieally. In the laiicAr caHo, ilio engine 
drives a clynanio and tlio (4(H‘tri(‘aI output of tho dynamo is 
nieaHured in kilowaltH, whem if tlio efiicieuu’y of tht‘, dynamo 
be known the B.IUh can be deduced by turning tho K.W, 






into IT.P. and dividing tho result by the dynamo efficiency, 

B H B 

94. Mechanical Efficiency.— The ratio of -jpg 'p- “ the 

meehanicnl efficiency of the engine. It is usually from 76 per 
e(>ut. to S6 per cent, at full load. Tho amount by which tho 
I.H.l*. exceeds the B.H.l*. measures tho power lost in engine 
friction. It is nearly independent of tho load.* Thus in a 
sptieial test of an engine of 70 I.H.P, the engine friction was 
found to be 

10*8 H,P. at no load 
11-0 H.P. at i load 
11*7 H.P. at full load 

in each case the r.p.m. being nearly 200. 

* See p. 138, 
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Tliese figures show that engine friction is almost indepen- 
dent of the load. It rises however very rapidly with rise in. 

speed. 

05. Measurement of Cooling Water. — Rroni time to time 
during tie test a measuring vessel can be placed under the 
outlet, or in some other convenient way a measurement be 
made of the number of gallons of water passing tirougli tbe 
water jacket per hour. A thermometer is placed in the inlet 
and another in the outlet. Then the rise in temperature of the 
water multiplied by the number of pounds of water flowing per 
hour gives the number of heat units carried away by the 
cooling water per hour. 

96. Heat in Exhaust Grases. — ^The record of the test will 
show the amount of fuel used per hour. Its calorific value is 
either Imown in advance or is measured at the time. This 
gives the number of heat units supplied per hour. Some of 
these are turned into work (B.II.P.) ; others are lost in engine 
friction (I.H.P. minus B.H.P.) ; others are carried away in 
the cooling water ; and the residue are carried away in the hot 
exhaust gases. As it is not very easy to measure the quantity 
and temperature of the exhaust gases, it is customary to 
ascertain the amount of this loss by a subtraction snm. The 
B.H.P. expressed in heat units per minute is added to the heat 
units lost per minute in engine friction and to the cooling 
water loss pdS: minute. Then this total is subtracted from the 
heat units supplied to the engine per minute, and the result is 
called the exhaust loss. 

The engine friction itself produces heat, some of which may 
find its way into the cooling water. Again, the exhaust gases 
in passing put of the cylinder often come into contact with a 
portion of the water jacket and give heat to the cooling water. 
Both tend to exaggerate the true cooling water loss, hut their 
effect is not considerable. 

A suitable test report form for entering up these measuxe- 
mente is reproduced opposite. 

97. Heat Balance^dieets. — A. heat balance-sheet as applied 
to a gw engine is a statement of the way in which the total 
amount of heat passed into the engine is employed. In the 
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early (Ijiyn of gaa engine work it was easy to romtimljer that 
ronghly -■ 


Heat j)asscd to water jacket . 

. 40 |K!r cent. 

Heat left in exhaust g.'i.s<*.s 


Heat converted into work 

. 20 „ 


100 


In the experiments made by the Institution of Civil En- 
gineers’ Committee the full load heat balance-sheet was given 
as : 



L. 

B. 

X. 

%vn>tc 

35-3 

40-0 

30 f) 


2:P5 

2!)-3 

25*0 

....... 

7*0 

10*0 

7*3 

B.H.P . 

20*7 

2S*3 

29*8 

I'otal 

03*1 

107*6 

101*6 


In these experiments the exhaust waste was measured 
by iinssing tlie exhaust gastm into a water-jet calorimeter, 
.facki't waste was measured as the product of quantity of 
cooling water passed and rise of temperature. Radiation 
ineludc* engine friction as well as radiation proper. B.H.P. 
was mcasuTOl by a roj)c brake. 

Engine L shows a deficit in the total, so that there must 
have btjen some error in the experimonte. Dugald Clerk 
in his paper * bedoro the Institution of Civil Engineers, “ On 
the Limits of Tlicrmal Efficiency in Internal Comhustion 
Motors," endeavoured to correct this measurement from 
s«5veral dificrent possible points of view. He also extended 
the same treatment to tests R and X in order to get the true 
halanee-sheot, and putting in I.H.P. instead of B.H.P. (the 
Committee’s records were complete enough to permit of this), 
h© found : — 


* Febraary 26, 1907. 
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designation of Engine. 1 

L. 

R. 

X. 

Exhaust waste 

410 

371 

39-9 

Jacket waste and radiation . 

27-2 

29-6 

25-4 


31*8 

33-3 

34-7 

Total 

1000 

100-0 

100-0 


Clerk then points out that the 27*2 per cent, of jacket 
waste and radiation for test L is obviously too low, and tha^t 
heat appears to have been lost in some way. He therefore 
took the total of the exhaust waste and jacket waste and 
radiation items, i.e. 68-2 percent, and attributed 34T per cent, 
to each, so making the balance sheet into : — 


Beagnation of Engine. 

X. 

R. 

X. 

Exhaust waste 

34*1 

37-1 

39-9 

Jacket waste and radiation . 

34-1 

29-6 

25-4 

r.H.p 

31-8 

33-3 

34-7 

Total 

100-0 

100-0 

lOOO 


Clerk considered this balance-sheet probably represented 
the distribution of heat in the engines more accurately than 
either of the others. 

These various attempts at a heat balance-sheet have been 
given in order to show how very difScult it is to obtain a really 
accurate statement. The exhaust wastes originally given for 
L, R and X were 35*3 per cent., 4Q 0 per cent., and 39*5 per 
cent., and have now become 34T per cent., 37-1 per cent, and 
39-9 per cent. 

But the matter does not end even here, as Clerk brongh.t 
into vm the values found by Mm for the specific heat — ^values 
which showed a marked increase with. rise of specific heat — 
and used them in some separate experiments of his own witli 
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tlio engine X used by tlio ('oriunittce. lie tlien found that 
the balance-sheet lieeariie ; • 

Ifeat-flow <Iuring explosion and 
expansion . . . . . lO-l |)er cent. 

Ifcat contained in gases at end f>f 
expansion ..... 40-3 „ 

in.P. 34(} 

lOO-O 


Compare this with the balance-sheet given on p. 142 based 
on the Oominif, tee’s experiments : — 



( 'ornmittoo’H 

Mr. I). (r». 


I’rittlH, 

Ttmln, 

Hfat-fliiw ciuring and (‘xpannion . 

25*4 

KM 

Haat cnntalucd in gHm*H at end nf f^xjianHion 


49-3 

I.ILF 

34*7 

;i4-o 

Total . . 

100-0 

100-0 


'riio discrepiuuries sliown Iiere are indeed serious. 
Ck'rk’s comment on them is as follows : “ The indicated 
work is pracdicaliy the same in hotli trials and the sum of 
the other two items is the same also, but the distribution is 
flilTenud,. IxiBS heat flows through the cylinder-walls as 
d«-feritnjied by the author’s (Mr. Clerk’s) new method, and 
the exhaust gases contain more heat than the Committee’s 
failoriineter trials show. The ordinary trials show 9-3 per 
cent, too much heat as passing through the cylinder-walls, and 
practically the same amount too little appears in the exhaust 
<aik >riirtel er. That is, 1 8 *8 per cent, of the total heat remaining 
in this hot gases at the end of the expansion passes into the 
cylinder water-jacket during the flow through the exhaust 
valve upon the first opening and while the piston is making 
its exhaust stroke. This seems to be a quite reasonable 
portion of the total heat, such a portion as experience would 
lead one to expect. These new diagram trials afford, in the 
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author’s (Mr. Clerk’s) view, a more accurate heat-distribution 
balance-sheet than has yet been obtained in any engine, from 
which can be deduced the ideal efBeiency of the working fluid. 
Adding together 

Heat contained in gases at end of expansion . 49 -3 

I.H.P 34-6 


83-9 


Then --® = 0-41. 
83-9 


That is, if this balance-sheet be correct 


and the heat loss be assumed as entirely incurred at the begin- 
ning of the stroke, then the maximum efiSciency of the actual 
working fluid for the compression and expansion is 41 per cent. * 
of the total heat supphed.” 

Exen vith such very considerable discrepancies in the 
heat balance-sheets as those discussed above, the student 
will none the less remark that the heat utilized has now grown 
from about 20 per cent, to well over 30 per cent. This 
all-important improvement has occurred therefore in spite 
of the many uncertainties as to how the lost heat divided 
itself up. It is indeed one of the fortunate features of gas 
engine manufacture that improvements do not have to attend 
the settlement of the many intricate problems with which gas 
engine operation is bound up, but proceed by the trial and 
error of experiment with such guidance as theoretical considera- 
tions have been able to afford. The great want which in the 
past cau^d so much theoretical difficulty was accurate know- 
Mge of the values of the specific heats of the working fluids. 

Engine Tests. — (a) The following figures are taken from 
a on a 200 H.P. engine and suction plant by Mathot.'f 
The engine was of the four-cycle double-acting tj^e and was 
tested at the works of the well-known firm of Gasmotoren 
Fabrik, Deutz-Cologne. 

Piston diam. ..... 21 J in. 

„ stroke ..... 27 -j% in. 


♦ Tha ** ilhr stand^d efficiency for idiis engine =0*49; the Gas 
standard” of efficiency wou'd (see p. 92) be SI per cent, of tbis or 
9^, wMth. m v«cy near the Bgmm above givenu f 1905. 
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Fur.r. 'I'ksth. 


IWH. 


*\Ian;h 14. 


f^'^aroh 15. 


Avc-riigc! r.p.rn 

BJf.r* 

Duriition of hoiir« 

Avoragci tofripomturp of wafor uftor cool- 
ing |ii»tori 

Avomgo terri|>fimttiro of water aftf^r cool- 
ing cylinder and valve ucatn . 

Wilier conHiunptioii for cooling pinion, 

gnllun.H/iiour . 

U‘iitr*r cf»nHnrnpt ion per hour In vapori/.^rr 
faiithraeite fuel), giilLs. /hoiir 
Water cjoriHiintp! hui per hour in Kcruh- 

hern, gal In. /hour 

Ai'cmge tfuiiperaiuro of gm at outlet- of 

gcricnitfir , 

Average tiuriperatuoi of giin at outlet of 

ftcrnlil>cra 

CroHM fuel connumption per B.lh]\ hour 
Born aponciing I'leTrnai eflloiency 


151 -29 
214-22 

1 17 ' 5 " V, 
i:ir/' K. 
Zd 


(hl^l \\k* 

1 9 per oiuit) . 


150'20 

222'H3 

10 


14‘2 


31S 

558^" F. 

02*5" F. 
()‘720 lb. 
24 '4 per cent. 


Oilier iritercmtiiig figuren are— 

WiilcT oonmimpOoti in galls, per B.II'.P.-liour— 

1. Fcir cooling ctylincler, stutting boxes, valve 

seat-H and jac^kets .... * 4*65 

2. For moling piston and piston rods , - 1-75 

S. For fiiporher 0*0055 

4. For wasiiing the gas in the Bcrublicrs. • 1*42 

Also :~ 

Water eoiivortecl into steam 
per III. of file! eonsnrned in 

gonerator , • . . 0*103 galls, or 1*03 lb. ' 

(li) In a carctfiil tost carried out by J. T. Nieolson on a 
Croiskiy gas engine and suction producer plant, the calorific 
mliicicif th© gfw was 156*5 B.Th.lJ. as determ.ined by analysis, 
and 140 B/FklJ. per cubic foot by Junker’s calorimeter at 

• Includes fourteen houm of fires banked up'. 
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the temperature and pressure of the calorimeter. The folio wung 
measurements were made : — 

B.H.P. = 559. 

Gasper hour = 29,037 cu. ft. corrected to 0° C. and 760 mm. 
Gas per B.H.P. = 51*94 cu. ft. 

Heat supplied = 5T94 X 156-5= 8,128 E.Th.tJ. perB.H.P.' 


hour Brake thermal efficiency= 


1,980,000 


X- 


1 


2,546_ 


778 8,128 8,128 

31*3 per cent. 

Variation in engine speed when horse-power was instan- 
taneously dropped from 600 to 50 was from 1 1 9*4 to 12 1 *4 r- p.m., 
coiresponding to a total Yariation of If per cent, of mean 
speed. No back-firing was obserYcd to take place when 
tMs was done. These tests show remarkably good thermal 
efficiency and satisfactory closeness of goYerning. 

(c) A third trial is that of a 150 B.H.P. six cylinder vertical 
gm ^ugine which was run for six hours on full load. The 
gas was taken from a pressure producer and had its calorific 
Y^ue measured every hoirr hy a Simmance-Abady Calori- 
meter. Readings were taken every half-hour of the B.H.P. 


Average air temperature . 
Average air pressure 
Cu. ft. gas used per hour 
Average Calorific value (lower). 
Engine speed .... 
B.H.P 


72*2° T. 

29*56" Hg. 

13,000. 

128-1 B.Th.TJ. per cu. ft. 
325 r.p.m. 

151-3. 


B.TLU. consumed hy engine per B.II.P.-hour = 10,590, show- 
ing a brake thermal efficiency of — ^ . == 24*1 per cent. 

CioTemors. — ^The most usual type of governor has two 
badls fastened by arms to the shaft and rotating with it. Such 
governors are shown in Kgs. 45 and 46. In the former figure 
it is ariMiged on a vertical shaft, and in the second on a horizon- 
tal CM. In Kg. 45 A is the shaft ; it carries on it the bracket 
CiCft, Sffid at Gj. and Cs are Mng^ the arms D i and carrying 
the halls and - As the shaft rotates the balls tend to 
By outward by eenhifugal force, and in doing so lift the 
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collar F. 'Co this collar can bo attached a lover or a 
system of levers to act on the eiif'ino. The way in which they 
act will ho discussed later. in h’ig. 4(5 the same sort of action 
occurs. As the halls 
B , and Bj lly out tlicy 
carry with them the 
links Hi and Hg which 
are hinged at Hi and 
(Is to tlie arms of a 
bracket O fixed on the 
shaft. This outward 
movement cau.sos the ^ 
sliding collar F to slklo ^ 
towards the fi.xed (s»llar 
I), and so to compntss 
the spring E. I'ho 
faster the shaft A 
rotati.'S the mort* the Fia. 45.— -Vorticftl Governor, 

sju-ing is comprtwHcd. 

In the vertical governor the (sffort of the halls to fiy out is 
hainneed against gravity. Tn the horizontal form it is 
balanced against the force exerted by the spring, "irho hori- 

zontal governor is 
most used with in- 

' tornal conihustion on- 

0 ^ 100. Method of 

Controlling En^e. — 

ABMBIII piiB pP iiilliiiBMBB Ihc motion of the 

sliding sloevo of 
either the horizontal 
or vertical governor 
causes a lever to bo 
moved which controls 
Wta. 4«.~ltori«mul Governor. tho engine and brings 

it bacik to its correct 

speed. This lever can he used to — 

(I) (hit off the whole of the fuel supply for one or more 


Wm, 4i. Oovi^mar. 
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(2) Reduce the amount of fuel used per cycle, leaving the air 
supply untouched ; or 

(3) Reduce the amount of both fuel and air keeping the pro- 
portion of fuel to air the same; or 

(4) Cause the ignition to come later, or be cut off altogether. 
101. Hit and Miss Groveming. — ^The first of these alterna- 
tives is known as “ hit-and-miss ” governing, because when 
the speed gets too high the governor lever is made to lift up a 
small piece of metal which lies between the gas valve tappet 
and the valve stem. This is shown in Fig. 47. B is the piece 
of metal in question. When the cam E pushes the roUer G 

f it makes the tappet rod 
GDC, which is pivoted at 
D, push the valve A open. 
(The valve A is the gas 
admission valve ; after 
the gas passes this valve 
■ joins the air supply, 

^nd both pass through a 
W larger valve, which opens 

■ a little earlier, into the 

I cylinder.) This could not 

done if B w^ere not in 

Y between C and A as ' 

shown. The governor 

Fia 47.— Dia^m illustrating “Hit- ® 

aiad-Miss ” Mechanism. line when the speed is too 

high, and the valve A is 
consequently not opened and no gas reaches the cyhnder, 
This reduce the engine speed until the governor again inserts 
the piece B. The engine spe^ will therrfore be kept steady 
at aU loads up to the maximum load the engine can take. 

The effect of hit and miss governing is clearly shown on 
the indicator diagram. In Fig. 48 is shown such a diagram 
token during two successive strokes of an engine. The hit 
or work^ stroke is shown at ACD, and the miss or idle 
stroke is shown at AB. The compression line of miss ’’ 
stooke^M^ below that of the hit.’* This is because the gas 
vrfve m clc»^ on the suction stroke and the air valve' acting ' 
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alone in not large enoiigli to fill f.he cylinder’ without t'hrolHing 
the entering iiirj with tlie conHeejueneo that the ininB ’’ Huciton 
preHHure line lien helow that of the ‘"hit” Huetion. It will 
he notieed iiiorc!ovt*r tliiit tin; eoinproBHion line A li alnujHt coin- 
eidc^H with the exinmmm line I.iA. In order to exhibit betler 
what wa» going on during the two nuedion Btrolans a Hueiion ” 
diagriini was taken. It in shown in Fig. 41). A Bue.tion diagram 
is one takein with a very weak spring and wit h a Ht.>o|) fixed 
above the indieator piston to limit its rising al)Ove a point 
coiTesponding to about 3 lb. persq. inch. Tim '' hit ” and the 
** miss ” suction strokes both start at A, hut tln^ latter Hob 
at AB much below the former at AT). The beginning of the 
eoinpression strokes are n^speetively BG and I)K. FA is the 
exhaust line afti‘r explosion, and it is seen to fall below the 





Fta, 48.— -Xndioator DiiiRriim, from n an h.p. gnK ingirm, sUowing ©fffwt of 
" Itit mui-Miw " Caoveming. 

at moKphdric lino ; this allows the very useful “ scavenging,” or 
eU'aring out, effect of the rush of exhaust gases along the 
e.xhaust piiHS. 

102. Quality Governing.- TIio second of the alternatives 
mentioned in paragraph 100 is called quality governing, as the 
governor is here used to reduce the working charge in richness 
or quality. It does this by cutting off the fuel supply. 

This reduces the mean thermal value of the charge admitted, 
with the result that tlie pressure produced is less and the engine 
sjieed falls to its normal value. The disadvantage of this 
methcxl of governing is that the composition of the mixture is 
continually varying, and it is not possible to find any fixed 
ignition point to suit all mixtures. Moreover if the mixture be 
made too weak it will not fire at aU. 


1 
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103. Qaantity Gfovemiiig.— This is the method of the third 
of the alternatives given in paragraph 100. It consists in 
throttling the working charge, of air and gas, as it is about to 
enter the cylinder. The consequence is that at the end of the 
suction stroke only a part of the usual charge has got into the 
cylinder and the pressure is therefore less than atmospheric 
and the compression pressure is much reduced. The low- 
compression pressure means a low explosion pressure and the 
engine speed therefore falls back to its normal amount. In 
this method of governing, as in those previously mentioned. 



Fig. 49 “ Suctioa " Diagram from same engine as Fig. 48. 


the compression ratio is unaffected, and the air standard 
of efficiency is also unaltered. Quantity governing is coming 
more into force. At one time it was only used on Continental 
engines, but now is very general in large engines made in 
England and America. 

104. Retarding Ignition. — This means of altering engine 
speed, though theoretically feasible, is not practical. To make 
the spark come later in the expansion stroke, instead of at the 
very beginning of it, is, of course, to diminish the average work- 
ing pressure and therefore the speed of the engine. But as it 
l^ds to the use of just as much fuel whether the engine is 
giving a full power stroke or not, it is uneconomical, and as 
moiwver there is the risk of some of the charge getting into 
the exhaust unbumt it may lead to unpleasant explosions in 
the exhaust pipe. Cutting off the ignition altogether intro- 
duem the same disadvantages in an aggravated iorm. 

IIS. Pf^ent Practice. — Generally speaking large gas engines 
usually have whilst small ones very com- 
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laouly iiavf; “ Jiii-and-miNfi.” Mntor-car an<l aero ciiginifHaro 
usually govcriH‘<l by Jiaiid on the tlirotlb*, ko producing an 
irn'gulur quantity governing. An objection to tlio “lut-and- 
mias ” Hystem is that in order to prci<luc-o a reasonable mea- 
sure of uniformity of angular velocity in the crank shaft a 
very heavy flywheel l>ccom(;s necessary. I'liis adds to tho 
cost of tho engine ami diminishes its mechanical efiiciormy. 
ft may in fact bo said that tho two merits which have enabled 
tho “ hit-and-miss ” gear to bo nsed as nmch as it is, aro its 
great mechanical simplicity and its ability to keep constant 
tho proportions of gas and air in tho incoming charge, so 
enabling tho engine always to ho run on its most economical 
mi.xf ure. Clentineiital makers wore tho first to break away 
from this sysfem of governing, by arranging that tho governor 
should produce a variabh; lift of tho gas valve by means of 
a conical cam. As fht! air supply was not interfered with 
this meant a continually (dianging richness (d charge and 
hence a corre.sponding change in thermal efliedency ; this is 
well slunvn in Fig. ‘2(J on p. !)4. Tho tendency now is towards 
a regulation of both the gas and Iho air supplies by throttling 
them after luixfure, with the advantage that the mixture 
being of con-stant compewition the rate of ignition does not 
vary wifli the varying position of tho governor. Present 
practice has not settle;! down to any definitely accepted 
standard, and there arc few matters relating to tho gas 
engine which are the subjeet of more patents. 

106. Turning Moment at Crank-Shaft. — ^Thc pressure exerted 
on the piston during tho explosion stroke falls rapidly as tho ' 
gases cXjtand. 'I'lnm the tf)tal force exerted on tho piston is far 
gifater at the. early part of tho stroke than it is at mid-stroke 
and sfil! great<*r than it is m'ar tho end of tho stroke. Also 
the angle betwaam the, tmgine centre line and tho connecting 
rod is eonthiuiilly cdianging ; as is tho perpendicular distance 
from tlie crank-shaft centrcj to tho line of tho connecting rod. 
This kfads to a very irregular turning effort at the crank- 
shaft. 

Tims in Fig. 60, if F l )0 tho force on tho piston, P the force 
acting along the kmI, and R the Ksaction from the cylinder wall, 
R and F can bo ealcmlatal when F is known by applying the 
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triangle of forces as shown; thus P = F cosec BOA. The 
turning moment about the crank-shaft centre A 

= P. AB. sin ABC = E. AC. 

This is the torque that causes the engine to do work. 



In order to study it more fully it is necessary to consider 
the variation of F during the cycle. Now F is proportional 
to the height of the indicator Vagram, and if the four suc- 
cessive strokes of a four-stroke engine are set out in one straight 



line and the indicator diagram lines are carefully reproduced, 
a of the form shown in Fig. 51 is obtained. Care 

must he taken to sdlow for the of the pre^nre, e.g., in the 
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porlion of (he curve corrosponditig lo eomiircHsion, the pinton 
jH n-tardiiig the motion of the crank-pin and 3*' iH negative; 
that portion of the curve is therefore placed helovv the* line AT} 
in Fig. til. The diagrani repeatH itnedf after every four 
Htroke.'^. It ia ohvious from !Fig. 51 that the force F acting 
on th<; {listen vurien very grt'atly during tlxi eoiniilete cycle. 
To remedy this it in {lOBHihlo to Iiave two cylinderH act ing on 
t-lio name crank-Khaft and to put the (wanks at an angle 
of IHO'’ to one another. This ineans that while the firHt 
engine is on its explosion stroke the second will ho on either 
its exhaust or compression strokes, so that the crank-shaft 
will get two impulses every four strokes instead of only one 
itnpulse. This may be further improved by having four 



F*a, 82.— Srtim* n» Fig. 51, but with Four Oylintlore. (Cninte at 180”.) 

cylinders so tliat there is an ex|»loHion in every half revolution 
and <ho net value of F is as shown in J'’ig. 52. Even this curve 
is very saw- toothed, hut it gives a steadier forward effort on 
the crank-pin than dotts Fig. 51. 

Ify?. Mertia For(^.““The curve of Pig. 62 is also subject' 
to a further influence due to the inertia of the moving parts. 
If the tuigino rotated very slowly this correction would be of 
little importance, but at onlinary engine speeds it has consider- 
able intluenco. At the Ijoginning of the explosion stroke the 
piston is at rest, and by mid-stroke it may be moving at 2000 
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ft. per min. This means a considerable acceleration and 
therefore calls for an equally considerable force to bring it 
about. Some of F, therefore, is required in oyercoming the 
inertia of the piston and small end of the connecting rod before 
any force can be transmitted to the crank-pin. This force 
is not lost, but reappears as the piston slows down in the second 
half of the stroke. The effect of inertia is therefore to lower 
the peaks of Eig. 52 to an amount depending on the engine 
speed and to raise the yaEeys hy a similar amount. This is 
a useful effect, as it tends to minimise the saw-toothedness and 

. fcA k » _ 


0 360 S40" 720^ 

Fig. 53. — Same as Fig. 62, but Tvith allowance for Inertia of 
Reciprocating Parts. 


change it into a curve similar to that in Fig. 53. The amount 
of this change depends on the speed of rotation, and varies in 
proportion to its sqmre, 

108. Fljsrwlieel Effect. — ^The kinetic energy stored up in a 
flywheel is calculated from the following formula or one 
derived from it. 

KE.=JIa)2 ft.-lb. 

where I = moment of inertia about the axis of revolution 
and m = angular velocity in radians per second. 

From this it follows that 

^ (KE) = Ia>. 

a(o 

For a small variation in o> compared with KE it is therefore 
BWMMry that either I or co should be large. For the ordinary 
pm^poses of mdustry it is sufficient to ensure that the range 
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of aii-'olar velocity tuivor oxcoo.Ih by more f.han o’-th to ,,\,th 
part th(! !n(*aii spcM'd. Fur tho driving of OfintinuoiiK current 
geiicra<f)r.s only half the above variations are pennisHible, 
whilst for the driving of alternators in paralhd therequirenicnts 
are fur more stringent, involving a perniissii)l(( speed varia- 
tion of hut , „th or even in sonic eases „th [lart of tlic mean. 
Mathot* has suggc-Hted the following formula for use in eal- 
euliiting the dimensions whicdi should lio given to flywheels 
of different types of Otto itycle engines : — 


wlierc 

1’ weight of rim (without arms or boss), in tons. 

I> diameter to centre of gravity of rim, in feet. 

« ; ilegree of <!yelie, irregularity permissible, 
w. : ; rtivolutions per mimitc. 

N IbH.F. 

k ■ ('oeffieient detirrained as below. 

For single eylindctr, single acting . . . ifc =s 475,000 

For two opjiosetl cylinders, single acting, or one 
tylimler double atding . . . . k~ 300,000 

For two cylinders, single acting, tandem or 

twin * = 225,000 

For two cylinders, double acting, tandem or twin k = 76,000 
Note.- Total weight of flywheel may bo put as 1-4 P. 


109. The usual way to speak of cyclic irregulaxity is that 
above deseribed.f It amounts to defining cyclic irregu- 
larity as the fraction which the range of instantaneous 
angular veioenty Iwars to its mean value in any one com- 
plete cycle. Thm^ is, however, another way of considering 
the matter. Thus Mr. L. iSchiiler in a paper dealing with the 
driving by gas engines of alternators operated in parallel 
remarks : ** The 8i>ccd of the machines should be as uniform 

♦ lw/rr#i#il Emjim$ (HItO). 

t Tlik m II w#iy tliiin that dcmaribecl in tho first 

ftlitkiii «#f llih lificik* 


m 
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as possible and should in any case be such that the amplitude 
of the angular oscillation does not exceed tvo electrical de- 
grees/’ An electric degree means of course 0 th part of the 
angular distance, the passage of which by the armature corre- 
sponds to one electrical cycle. It becomes therefore a matter 
of interest to see how the one form of computation can be 
turned into the other. A good deal depends naturally on the 
rate at which the speed Tariation rises and falls, but for a suffi- 
ciently clmd approximation it may be taken as a sine or cosine 
cunro. Then the angular velocity oo may be written as eq[ual 
to 

a-^b cos c0. 

Where 6 is the angle the crank has moved through, a is the 
mean value of the angular velocity, and b is its iiiaximum 
variation from the mean, so that the speed oscillates between 
(a+6) and (a — 6). If c be unity this oscillation occurs once 
in a revolution, but if c=2 then it occurs twice, and so 
on. 

Had b been zero the angle through which the crank had 
moved at any time t would have been given by the expression 
at ; if this be called 6^ it would follow that — 

i(e— cos cd 


As, however, the variation in angular velocity is always small 
it suffice to write at for B in the right hand term, in which case 


at 


^{9 — cos cat 
of 


6 — 0 .= — sin cat 
ca 


Mtd the maximum angular variation of the crank from one 
movii^ uniformly at angular* velocity a would be equal to 
b 


m 

H, fcr exwnple, c=l and the expression equals -i- 

a 200 ’ ^ ^ 200 

r^ian <« 0-2S degree, whidi therefore is the angle by whieh 
the rwd mrsmk leads or la^ on imagmaiy crank* 
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For t lifKo vahicH of c aiul ha ifc may be Hai<i that tko maxi- 
inuni <k;viaf ion in abotit of a (h'groo. If the altornutor has 
six pair.H of poles giving six eleef rieal cycles during one rnecliani- 
c-al fine, this tleviation eouhl also Ik; called X <5 or oru^ and a 
half electrical degrees, which corresponds with Mr. Hchiilcr’s 
result. 

110. Balwicmg.— 'Fho prt>blem of l>alan(nng the parts of a 
gas engine and [iroviding for uniformity of torque as far as 
possible does not differ in principle from the cornwponding 
problem in the case of the steam engine, and the author does 
not propose therefore to devote a great deal of space to tliis 
sulqeet. The student should refer to what has been written 
on tlu! subj(!(:t of balancing by I’rofessor Ferry and X’rofessor 
I )alhy, both of wliom have made a special study of the matter, 
ft will, howf^ver, he advisahle to give hero a brief account of 
the general principles involved, leaving the applic^ation to bo 
mtwlti to ciach and (ivery jiroidein as it presents itself. For 
it must bis retnembcired that ail liough the problem is often sur- 
round<*d by complhtafions which lead to the rnathoraatical 
svork looking cliflicult and involved, there is really no special 
diflit’ulty about it at all, hut mtjrely a necessity that the funda- 
mental principles should be rightly applied and that the alge- 
braic or arithmetical work should be carried through without 
mistakes. 

The simplest kind of balancing is that in which a flywheel 
is light on one side and requires a weight (W) fastened to the 
other side in onler to prevent any jumping or vibration when 
the wheel rotates. This docs not of necessity moan that an 
equal weight must be added to the other side, because it does 
not follow that it will bo possible to place the balance weight 
at the same distancis from the centre of the shaft, and the cen- 
trifugal force being equal to cjV ™ (where «)=angular velo- 
city in radians pc*r sticond and r --- distance in feet from the 
centre of t he shaft) it is evident tliat the product of the W and 
the r its tlie balance weight must come out to a certain amount. 
If thertdoni the r is very small then W must be proportionately 
greater, an<l inasmuch as the balance weight is often bolted in 
bcstweim the spokes it is clear that r will usually be less than 


164 THE INTERNAL COIVIBUSTION ENGINE [chap, v 

tlie radius of the rim of the wheel. This is the simplest kind 
of balancing. The most complicated kind occurs in the motion 
of a rod, like a connecting-rod, in which one end reciprocates 
to and fro in a straight line and the other end follows a circular 
path, with the result that intermediate parts of the rod follow 
a complicated curve and one not easy to treat. In such a case 
as this it is customaiy^ to obtain an approximate solution hy 
assuming that a certain part of the rod is massed at the cross- 
head and the rest at the crank-pin, and it is not unusual to 
make this division of the rod in inverse proportion to the dis- 
tance of the centre of gravity from either end. This is only 
an approximation, unless it happens that the rod is so made 
(which it usually is not) that if hung up from the Mg and little 
ends in turn it will swing, pendulum wise, with the same number 
of swung-sw^angs per noinute. When a number of rotating 
masses (real or assumed) have to be balanced it is useful, 
following Dalby’s method, to consider the plane perpendicular 
to the shaft in which one or more of them lie to be rotating at 
the same speed as the shaft and to draw out on this plane the 
force diagram. 

111. The connecting rod influences the problem of the run- 
ning of the engine in another way. If the crank-pin rotated 
uniformly and the connecting rod were infinitely long the 
motion of the piston would be Simple Harmonic, and the dis- 
placement of the piston from the middle of its stroke would be 
r cos 6 at the instant when the angle between the crank and 
the line of dead centres was 0, the radius of the crank-pin 
circle being r. But the connecting rod in actual engines is 
usually quite short, never more than ten times the length of 
the cimik arm, and usually much less. This produces a com- 
plicated motion of the piston, and it will be useful to calculate 
exactly what it is. Let P be the crank-pin and A the piston 
which, in the position shown, is at a distance AB from the 
banning of its stroke. The angles 9 and q> are as shown in 
the diagram. OP is r and AP, I AB will be written as x. 
Now it is clear that 

f cos e -{- Z cos 9 -f ic = BO 
and BO = Z -f r 

80 that r .ocs 0 -f* ? oos (p-4-x= l -j-r , . . , (1) 
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wc* liav« r hill (J I ^in , (2) 

It in tii*f‘i\HM.ary If) thence two equaiionn ho m to find 

X in frrniH of kianvii ijuantitiom. 



Fi«i, fil,' of <?fiiiik"|nn ttrtd CoraMidiiiig HchL 


From (I) 

r 


Ako from |2| 


/ k r * r C’OH 0 — I eoH (p 

I (I — oo.H f) j r (I oo.H 0) 


and 


iiri f 
em f 


mil 0 


:a>ft f I- - ^ mnW 


i hr*«*fom a* /( I - 'S/ 1 — +?•{ 1 “Coh (3) . . . (3) 

tttitl this givoH t!u» vahio of if for any value of 0. 

Pnivioualy we have spoken of the distaiioe of the ^ piston 
from t he mitl point of its stroke rather than from either end, 
and it is usidul to follow the same procedurts hero-call the 
<liHj»laeement of the piston from mid stroke y— then a: -fy = r 
or ?/ -r-a: 


so that 


cost) I 



furt herinor<t () is a fuiadion of the time, and since uniformity of 
rotation is assumed it will Iks directly proportional to the time. 


Put thendom 0 ml 
so that y cos \/ 1 



. . ( 4 ) 
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Since, howe-eer ^ small amount in all engines an 

approximation to the above may be written as 


^=:r cos (ot 




1— 


) 


=f COS cot — — sin^ o)t 
21 


or 


yz=r cos cot — ^ (1 — cos 2Q)t) 


(5) 


TMs Tery interesting result sho^’-s that the position of the 
piston can be stated as the sum of two S.H.M/S one of which 
corresponds to an infinitely long connecting rod and the other 
to a S.H.M. of twice the periodicity and of an amplitude de- 
pending on the ratio of r to 1. The motion in fact is analogous 
to that of the air set into vibration by an organ pipe which in 
addition to giving its fundamental note gives also a weak first 
harmonic. Although this first harmonic is weak in its effect 
on the displacement of the piston, it is considerably more potent 
when velocities and accelerations have to be taken into accoimt, 
as will presently appear. 

Since from (5) 

2 

yz=r cos cot — -^(1 — cos 2o)t) 

dy . , ^ ^ 

— oyr sin cot — sin 2oyt 

dt 21 


and 



( 6 ) 

(7) 


It is important to note that expression (6) which gives the 
velocity of the piston at any point has the multiplier in 


front of the harmonic term, and that expression (7) which 
the acceleration and therefore measures aE the inertia 

f* 

tmcm has the multiplier—. It follows therefore that the 

V 


MI.U-. V] TliE (iAH KX<;iXK }«7 

limit ipUfi's in tin- liariiiftiiir liTni fur liwjiljM’i'mcnf . v* iu 

■T* f* 

city and aw«‘i« raf iun run and Hhinviu^t fliuf a 


ratio uf- whii lt will jirotluci! ii r» j«T ci nl. dillVn im* in {!«< 


jamition of the jiiHlon will hriiig ahuti! a in per cent, i m 

the velocity and ahotit 2(1 jmt cent, in the nceeh rat ifiit. If will 
now be rcnli‘/.ed that , when foreea tmi bi inii^ iiirely l.jdiiiH cd, 
the importance of the hannonie term iiiuhI be can fully 
allowed for. 

It is often UHcfnl to hear in niiml a siiiijde role for the value 
of the acceleration at the ends of the atrokc, i.e. whefi ml n" 
or IHO From fornmla (7) if will be wen llial (hi« leadn to 



a very Hirnpie niie, i.e. (hat (lie accclendion h( (hi- enri of (hi. 


.Hiroke in mure or (haii (he S.H.M. valia* bv (he frne(iun ’ 
of (Imf value, 

112. Connecting; Rod Effect- Thb in !»•>,( i{l(!f.t ruled liy a 
geoiiiefrica! cofinfruefion due to fVofe-eior . 1 . Jfarriwin. 

The cuUHlriirf iuii is a« folloWM 


Oil iH (he erauk ami AH the eonnecliiij' rod of which (! m 
the rent re of ;,<r.nil y. 

(l(^ and .''If 3ie pi rjH’tidit idar to AO. 

He i . perpi ndi« idiir to AH. 

Ft/ and O;/ are parallel (o Aft, 

or /,“ /At i when* 1 radiuH of gyration. 

r.K i^ parallil (o Iki. 

ThenTXX parallel Om^O b (he line of arliotj of th- remtllntif 
of ail (he force.* acting on the nal and it« %*»!»»• in ho/’’ X X 
where m tituHM »d rm| nud f/ angnlnr veba ity of rrnnk pm 
'I“hc prm4 of tb!%eonH!riiclion mgivni in Hiury a A'oom Kwjim-, 
and may there !»• referrwl to hy iho-W iiilere»ted, 

Thb diagrani eii,ib|e» the direct ton and nrooiint <4 (he inertia 
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forces due to the comiecting rod to be calculated for each 

position of the crank. 

If happens to be equal to the product of AG and GB, then. 
GU = Jfi/Mj = GB so that the point U would coincide with 
B and the resultant force would pass through 0 and hence 
there would be no “ whipping eSect ” of the rod. One often 



Fia. 55. — Resultant of aJl the Accelerating Forces on a Connecting Rod 


sees connecting rods produced beyond the crank-pin with the 
object of bringing about this relationship. When it is accur- 
ately obtained it will be found that the period of swing of the 
rod about either big or little end will be the same. 


EXAMPLES 

1. In the case of a single-acting gas engine working on a 4-stroke 
cycle, the mean effective pressure is 40 lb. per sq. inch, the diameter 
of cylinder 8 in., the stroke 8 in., the number of revolutions 360 per 
minute. The governor cuts out 1 explosion every 24 revs. Calculate 
the I.H.P. developed by the engine. 

2. Find the I.H.P. of a gas engine of which the piston is 12 in. dia- 
meter, ite crank is 8 in. long, the engine makes 160 revolutions or 80 
cycles per nodnute, and 30 per cent, of the possible explosions are 
omitted. The mean area of all the diagrams on a card taken with a 
120 spring in the indicator m measured by the planimeter is 2*62 
sq. inch ; length of diagram parallel to atmospheric line 4*03 in. 

(B. of E., 1899.) 

3. The mean effective pressure on the piston, both in the forward 

and strokes, is 62 lb. per sq. inch ; cylinder 18 in. diameter ; 

18 in. long. What is the work done in one revolution ? 

(B. of E., 1906.) 

■ i. The fdiomng data arose in the trieds of a gas engine : — Stroke 
M m. ; of pmkm 16| in. ; average M.E.P. 68- 8 lb. per sq. 
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im*h ; iiiiriibfr of i‘x:pIo«ic>nM irvr min. 05 ; (!irc*urrif<?n‘iico of brake- 

24-5 ft-, ; fivoragci nrt load noted in brnko teat 4B4*6 lb. ; average 

apeed in r.p.in. IIM). 

Caleuliiio ii) IJ-LP. 

(ii) ’{'ho H.H.r. 

(iii) The trii-ehanical otlflciency per cumfc. 

5. Tlifi following data are t-aken from a record of a imi of a gas 
C'ligirio lifting |)ower»giui cylinder diameter — 4S in., niroke 54 
in., M.E.F. c£s 75 lb. per nq, inch. Niirnl>ert)f exploHieriH per rnin, -■“ 56. 

(jfis iwed per niin. == 1020 cu. ft. Oaloritlc value of gaa 00 O.H.tJ. 
per eu. ft. B.IIVP. 545. 

Calculate (i) The I.H.P. 

(ii) Tile mechanical efficiency of engine. 

(iii) V"<ilume of gas used per I.If.I*. hour. | 

(iv) V<»lurmj of gas used per B.H.P. hour. 

(v) Indicated tlierrnal eHiciency. 

(vi) Brake ‘-tlierrnal enkdency. 

6. Till* M.K.P. in the (’ylinder of a gas engine is 92 lb. per sq, inch 
when the «|jee<l is 166 revs. i>er min. and iluwe are 72 exjilosions per 
inin. At the same 1 im«n tiie torf(U(i 6X(3rtcd by the crank-shaft is detor- 
mined by a <iynamnm(*ter to be 1,440 lb. ft. 

Calc u kit «! (i) 

(ii) B.H.P. 

(iii) iMechanical efficiency. 

The cylinder is 14 in. in diameter with 22 in. stroke. 

(B. of E., 1912.) 

7. Wlicn II gm engine is running fully loaded the temperature of 
the exhiiuiit gases l(*ft in the chtarance sfmeo at (Be end of the exhaust 
stroke 700“' Cl, and tlie tcmpc?rature of tlie gas and air sucked in just 
before t-liey i*nter the cylinder is 100*^ C. The clearance space is a 
q»iirli»r of the total cylinder volume (including cl(3arancc spacc). 

Bliow that the temperature of the giiw^os filling the cylinder at the end 
of the siiciion stroke will be 170** 0. Assume that no heat is lost to 
or giiifit*d from the cylinder walls during suction, that the pressure 
iiif4d«^ III*'?- cylinder im the same as that of the atmoHiiherc, and that 
the spt*cific lirat of the exhaust gases and of the incoming charge is 
till* Slime consfiiiit <|uiintity. (Mech- Be. Tripos, 1004.) 

S. A gini engine working on the Otto eyclcj, and running at 200 revs, 
p-er fiiifi., lias ii cylinder 11| in. diameter, and stroke 21 in., and 
llitf coiTipri^wiori mpum is 0dS5 of the stroke vohime. At the end of 
tJifi »i;iclic.ai iirok© tliii cylinder m filled with gas and air at a pres- 
sure of 14/7 lb* per «q. inch, and a tempcjrature of 100** 0. The 
©yiindiir eoatent* eonsM of 1 of gas to 10 of air. Tlie ealorhie 
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value of the gas is 320 
G.H.U. per standard cuhic 

foot. 

Til© accompanying in- 
dicator diagram is taken 
from th© engine : find 
the maximum power and 
tto thermal efficiency of 
the engine. 

State how you would 
determine the heat given 
to the cylinder walls dur- 
ing compression and ex- 
plosion. 

9. The indicator dia- 
gram of a engine is 

shown in below. The 
equation to the expansion 
curve AB is = con- 
stot, and to the com- 
pression eurv’© CD is pv^'^ 

= constant. The curve 
AB if produced meets the vertical explosion line in E. The absolute 
temperatures of E, D, and C are indicated on the diagram. Deter- 
mine the thermal efficiency of the cycle, neglecting the rounded 

comers of the diagram, and taking 
the working substance as air. 

(Mech. Sc. Tripos, 1912.) 

10. Crank 1 ft., connecting rod 4*5 
ft. ; what are the accelerations at th© 
ends and some other point in the 
stroke, if the engine makes 200 revo- 
lutions per minute ? The piston and 
rod and crosshead are 420 lb. ; draw 
a diagram to show the force in pounds 
required to produce the motion. State 
ffie scale clearly. 

(B. of E., 1906.) 

11. A piston and rod and cross- 
head weigh 330 lb. At a certain 

imtanfc, when the r^nltant total force due to steam pressure is 3 tons, 
tl» piston has an acceleration of 370 ft. per second in the same direc- 
tioiL What is the actual force acting at the crosshead ? 

(B. of B., 1902.) 

11. In a gas engne release occurs at seven-ei^ths of the stroke and 
M a 40 lb. jw sq. inch absolute. The clearance space is 

m qi^ter €d te^ eylind« volume. The engine works on the Otto 
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cycilt?, evf*ry iittw and in ruit acfw<‘rigi*<L Th<^ mixed giw am! 

air juHt Iwforii iMnng drawn into i-ho c*yUncl(*r on sued ion Biroko hiw 

a teniporatiiro of loci’* 0. KHtimato tho tf‘rnf)tirat.uro of ihc^ ohargci 
filling tly? eyiinder iii tho imd of tho Htrok(^ 

In making yonr t*i4tiniaio yon will |>rohahly asHttmo tliai gmm bcdore 
and after exjiioKion Iiehavo an iho p<‘rfoct gan. Ifow far in this 
asBiirription oorreet t Illuxtratn tho ponniblo errorH in <*Htimat<^H of 
iemi'ieratiirci laised cm thk ansniaption by findinK thcnV iimoimt in iho 
emu of a mixturti of ono volumo of hydrogim and five of air. 

(Mt'cdn Hc% IVipoH, 1004.) 

13, A flywheel 4 ft. diameter in the form of a dine (I in. tliiek m keyecl 
to the fiiiaft of a high*ipae<l engine. Caleulato how ttnwh energy it 
gtorc‘8 St 500 r.p.m. and find how mneh the giore of mwrgy is increased 
w!i(»n thc^ speed incr<!iwee 5 par cant. Otm cm. ft. of material weiglw 
4H0 lb. (Ik of E., 1912.) 

M. Wi ist mu Hi be the 8ir.6 of a flywhecd in order tiiat the maximum 
sp<*ed may not exceed tlio mcjan Bpee.d of 60 revs, per min. by more than 
0'2 rc^v. per min. wlnsn the ar<‘a of tins erank-<dTort curve cut off by 
the mean t?riink»ellori lino repn-HontH 12*r> ft. txm«. 

(Jive tile mean radius of tim flywheel and the weight in tons of the 
rim and work <nit tin? dimensions on tiuj aHKumpi.ion that tiie mass of 
thf* wiieid is all eonciaitrated at tlio mean radius of the wheel and that 
till* «pi»ed fit tile mean rmiiuH is limited to 50 f.p.H. (Ik of E,^ 1012.) 

15. Hot roughly the acceleration of the piston masses in a recipro- 
cating engine from the following data : — 

Ht.roke 2 ft. 

Ccmn«*c*fing rcK:l 4 ft. 

Hjiecd 200 revs, per min. 

Write clown the mrcifderations at the beginning and end of stroke. 

(Ik of E., 1912.) 

li. 'IImi Figure shows cliagrammatic^ally the moving parts of an 
OechellmtMi^r giwi efigine, ''riic^ piston A is eoupled direct to the central 
crank -pin by connecting rod B ; the piston 0 is coupled to the ou.t4:ir 
tiraiik-pins through a croHsheial D, side-rods E, and connecting rods 
F. The pistons move in op|>ositc^ dirfsciions, and the explosion takes 
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place between them. The mass of piston C with its attached recipro- 
cal ing parts is 8 tons, that of A is 4 tons. The stroke of each piston 
is 43 in., and length of each ccnnecting rod is 108 in. Find the magni- 
tude and direction of the imbalanced horizontal inertia force on tho 
engine at each dead-point, when the speed is 100 revs, per min. 

It is often assumed in the calculation of inertia forces that the con- 
necting rod may be treated £W5 though half its mass were concentrated 
at eM‘h end. Discuss this assumption and explain its practical con- 
sequences in regard to the problem of balancing. 

(Mech, Sc. Tripos, 1913.) 

17. The two 
indicator dia- 
grams * here- 
with were 
taken from a 
gas engine. Tlie 
temperature at -S 
the point A 
was measured 
directly and 
found to be 
100^ C. Tlie 
corresponding 
pre^ure and 
volume can b© 
found from the 
diagram. Cal- 
culate the tem- 
perature at the 
point B. What 
further data 
are required to 
enable you to 

calculate the temperature at a point C on the expansion line ? 

Tlie pressure of the atmosphere is 14 '7 lb. per sq. inch, and the clear- 
ance is -J: of disp’acem^t volume. 

The cylinder of the engine is 5-6 in. diameter and the stroke 10 in. 
The B.H.P. of the engine was varied, and the speed was maintained 
tby a liit-and-miss governor) approximately constant at 370 r.p.m. 
during tli© trials. Determine from the diagrams and the following 
ilata, the friciional H.P. of the engine for each loading : — 

B-H.P. 5*51 3-78 1*6 0 

Expli^ons per min. , . 150 120 75 44 

(B. of E., 1913.) 

^ two diagriuns are not imlly condstent, but the puestion is 

mm worth rtud j. 





CHAPTER VI 


The Gas Producer 

Theoby — ^Typicae SucTioisr and Pbesstjre Pbodtjcers — ^Tests — 

Costs — ^Use oe Gas Produceb fob Mabdste Pxjbposes — ^Appendix 

CONTAININa DeSOBIPTION OF MOPE OF OpEBATION’ OF SuCTION 

Gas Plant. 

113. Producer Gas. Theory . — ^In a steam boiler the energy 
stored up in the coal is liberated by combustion in an atmo- 
sphere containing oxygen. In other words, heat is liberated 
by the combination of the carbon with oxygen first to form 
CO, and then, if enough air be present to add a further atom 
of oxygen to the molecule, to CO 2 . When 12 kg. of carbon 
(that is to say the atomic weight of carbon taken in kilograms) 
are oxidized to CO, 29,400 calories * are given off, and when 
CO 2 is formed a further 68,200 calories are liberated, 
making a total of 97,600. This means that if the carbon 
be only oxidized to the CO stage not more than about SO 
per cent, of the available heat energy is given up, and that 
by far the most of the available heat is obtained from the 
stage in which CO becomes COo. Even supposing that in 
a given steam boiler the whole of the 97,600 calories were 
given off from each 12 kg. of carbon (neglecting for the moment 
the hydrogen and hydrocarbons in the coal) only a fraction, 
not greater than 70 per cent., usually gets to the water, and tl^ 
balance goes away up the chimney or is lost by radiation. 
With gas producers such heavy losses do not occur. Their 
efficiency depends upon the working process, but it may be 
taken as being seldom less than 80 per cent, and often as much 
as 90 per cent, even when working with anthracite coal and 

♦ In this chapter the calorie is the kilogram-calorie. 
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not eliemieally pure carbon. In a gas producer, air is forced 
or drawn, tlirougli a mass of liiglily heated fuel, with, the result 
that the carbon is oxidized. Also, in order to keep the tempera- 
ture within reasonable limits, and for another reason to be 
glTen later, steam is admitted along with the air and both 
together pass upwards through the glowing fuel. 

When the air and steam are forced through by pressure 
the producer is called a Pressure Producer. When however 
they are drawn through by suction caused by the suction 
strokes of the engine, they are known as Suction Producers. 
The theory in both cases is similar. 

It may seem strange to those who approach the subject 
for the first time that it should be possible for the gas given 
oS to contain as much as 80 to 00 per cent, of the total 
heat energy in the coal. It would be apparent to them from 
their knowledge of chemistry that even if pure CO came away 
from the producer, and no CO 2 at aU, there would he a loss 
of the 30 per cent, of energy liberated when the carbon was 
oxidized to CO, leading to an apparent maximum efidcieney 
of 70 per cent. The explanation is that this 30 per cent, is 
not lost. It serves to keep the furnace alight, and to decom- 
pose the entering steam into hydrogen and oxygen, thus — 

2H20 = 2H2+02 . . . (1) 

and in so doing it stores up 116,400 calories for each 36 kg 
of steam decomposed. It is easy to see that by suitably halanc- 
ing the proportions of air and steam admitted, it is possible 
to absorb the greater part of the 30 per cent, of energy 
Iberated by the formation of CO, and to carry it as potential 
chemical energy to the gas engine, where the hydrogen and 
oxy^n can again unite. In reality it is not quite so simple 
as this, b^au^ the oxygen from the decomposed steam has 
to pam over glowing carbon, with the result that a 
further supply of CO is formed. Radiation of heat from the 
producer preventB the efficiency being lOD per cent. 

Folowing generally the proc^ure adopted by Itr. Dowson, 
who ioivmtoi the of these plants, the reactions may be 
semkiMb'tiieiaatfcaly stated thus- : — 

Taking wights equal to molecular weights in kg. 
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Carbon-monoxide is thus formed : — 

20+02=200+58,800 calories ... (2) 

Carbon-dioxide would he formed thus : 

C+0 2 =002+97,600 calories • . . (3) 

The former of these two 6(]['iiatioiis gives a gas having a 
calorific value of about 119 B.Th.U. per cubic foot, but when 
steam is admitted this value rises rapidly owing to the hydrogen 
present. 

As already stated the decomposition of steam follows 

2H20=:2H2+02— 116,400 calories . . . (4) 

the negative sign -meaning that heat is absorbed and not 
liberated. The oxygen so produced also joins in the re- 
action, so that one of the following formulae 

I-l20+C=H2+CO— 28,800 calories ... (5) 

or 2H20+C=2H2+C02 — 18,800 calories . . (6) 

is followed in the decomposition of the steam. In both 
(5) and (6) an absorption of heat takes place which allows 
of a balance being obtained by a careful regulation of the 
relative proportions of air and steam admitted. 

114. It is useful to discover what quantity of water is 
theoretically required per pound of coal in order to keep this 
reaction balanced. 

Assume that the reaction follows equations (2) and (6). 
Really it will not follow quite such simple laws, but it will 
approximate thereto if the temperature is high enough.* 
Equation (2) shows that for each 24 kg. of carbon used 58,800 
calories will be hberated, and equation (6) that 18,800 calories 
will be absorbed by each 36 kg. of steam dissociated, requiring 
also for its dissociation 12 kg. of carbon. To absorb the 

whole of the 58,800 calories liberated 36X — ^ kg. of steam 

18,800 

would be required. Bub the steam is not admitted to the 
producer as steam, but as water, and there is therefore the 



* According to Hobson, equation (5) is followed at a temperature 
of about 600*^ C. ; and equation (6) from 900 to 1000° C. At tempera- 
tures between 600 and 1000 both reactions occur. The equilibrium 
state is a function of both temperature and time. 
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latent lieat of evaporation to te considered. Now the latent 
heat of 36 kg. of water- vapour at 20° 0. is 21,600 calories, 
and this must be added to the 18,800 calories due to chemical 
dissociation, making a total of 40,400 calories, so that only 

36 X kg. of water would really be required, and this 

works out at 52*4 kg. of water. The quantity of carbon. 

corresponding to this is clearly 24 + X 52*4^ = 24 + 

524 

17*5=41 *5 kg. of carbon. So that — or 1*26 kg. of water 

will be required for each kg. of carbon. 

The next point to determine is the nature of the mixture of 
gases given off in this way. Equation (2) shows that for each 
24 kg. of carbon there will be given * off 22*4 X 2 X 1,000 
litres = 44,800 litres of CO. Equation (6) adds to this an 
equal volume of hydrogen and half the volume of CO 2 for each 
12 kg. of carbon. Now the quantities in equation (6) must 
clearly be proportional to 17*5 and not 12 kg. of carbon, and 

17*5 

therefore the volume of hydrogen will be X 44,800=65,200 

12 

litres and thevolumeof C02willbe 32,600 litres. The total will 
therefore be 

CO : — 44,800 litres 

CO 2 32,600 „ 

Ha 65,200 „ 


142,600 litres or 142*6 cubic metres. 

But it must be remembered that in equation (2) oxygen 
is supplied to the extent of 22,400 litres, and that as this 

is drawn from the air it will be accompanied by ~ X 22,400 

liti^ of nitrogen which will pass through without change. 

So that to the above table must be added — x 22 400 = 

21 

^ ^ th® l^ittciple that the molecTilax weight of any gas taken 

m pmm wil occupy a wlume of 224^I itres. (Some recent work has 
mm 1»»ed mk a i^^ised %ur© of 2225 litres.) 
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34,100 litres of nitrogen,^ making the total and proportions 
thus : — 


CO , . 44,800 

CO 2 . . 32,600 

Hs c . 65,200 

Ns . , . 84,100 


litres or 19*8 per cent 

„ or 14*4 per cent 

or 28*8 per cent 

„ or 37*0 per cent. 


226,700 100*0 

Thus 226,700 litres of gas are given oflE for each 41*5 kg. 
of carbon or 5,450 litres per kg. of carbon, and 5,450 litres 
is of course 5*45 cubic metres. 

What is the calorific power of this producer gas ? The 
ISTa and CO 2 can give nothing. The CO will ^eld (97,600 

29,400) calories for each 28 kg. of CO, or— ^^ = 2,440 

calories per kg. of CO. The Hg will yield 116,400 calories 
per 4 kg. of gas, or 29,100 calories per kg. of hydrogen. Take 
1 cubic metre or 1,000 litres of the producer gas. It will 

198 

contain 198 litres of CO yielding X 68,200 = 602 

® 22,400 

288 

calories, and of hydrogen X 58,200 = 750 calories 

22,400 ’ 

making a total of 1,352 calories per cubic metre. Furthermore 

the steam formed by the union of the hydrogen and oxygen 

will be capable of yielding up its latent heat, which will add 

21,600 calories for each 4 kg. of hydrogen concerned. Now 

288 

the weight of the hydrogen in 1,000 litres of the gas is 

X 2 kg. and the calories in the latent heat of the steam will 

therefore be ^ - X 2 X =139 calories, which when 

22,400 4 

added to the 1,352 calories found above, makes a total calorific 
value of 1,491 calories per cubic metre of the gas given off by 
the producer. In cases in which the latent heat of the steam 
formed cannot be utilized, it is customary to use the lesser 
value of the calorific constant, and write it down in this case 
as 1,352 calories only, which is nearly 10 per cent. less. The 

N 
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figure of 1,491 calories per cubic metre corresponds to 168 
B.Th.U. per cubic foot. 

115- Do-wson has carried out calculations similar to the 
above for a number of possible reactions, and the following 
tables show some of the results he has fotmd. 


Re^tion 
between 
Air aad 
GarWii : 
proportions 
of CO and 
COa 
fornml 
per cent, 
by volume, 
depending 
tb® 

temperatiir© 
of tl:» 
reiMctioiit 

i Composition of gas per cent. 

{ by volume 

; (Steam decomposed according 
to equation (6)) 

Steam 

used 

per 

Kilo 

of 

Carbon 

Gas 

formed 

per 

kilo 

of 

Carbon 

Calorific 
Power of 

Gas made 








Cubic 

Metres 

Calorics 

B.Th-F. 

CO 

COa 

; 

COs 

i CO 


Ns 

Kilos. 

per 

Cubic 

Metre 

per 

Cubio 

Poot 

0 

i 

100 i 

28*45 

1 

40*25 

31-3 

2*12 

6*54 

1,243 

139-7 

10 

90 1 

27*8 

f 0*9 

39*7 

31*6 

2*08 

6*48 

1,254 

140-9 

20 

80 ; 

27*1 

1*9 

39*15 

36-85 

2*02 

6*41 

1,267 

142-4 

30 

70 

26*3 

3*0 

38*5 

32*2 

1*97 

6*34 

1,282 

144-0 

40 

60 

25*35 

4*3 

37-7 

32*65 

1*19 

6*26 

1,298 

145-8 

50 

50 

24*3 

5*85 

36*8 

33*05 

1*83 

6*17 

1,316 

147-9 

60 

40 

23*0 

7*65 

35*8 

33-65 

1-75 

6*07 

1,340 

150-5 

70 

30 

21*5 

9*8 

34*55 

34- 15 

1*66 

5*95 

1,366 

153-5 

go 

20 

19*6 

12*4 

33*0 

35*0 

1*55 

5*81 

1,398 

157-1 

90 

10 

17*3 

15-65 

31*1 

35*95 

1*42 

5*65 

1,438 

161-6 

im 

0 

14-4 

19*7 

28*8 

37-1 

1*26 

5*45 

1,490 

167-5 


This table serves to show the very complete way in 
which Dowson worked out the chemical problems relating 
to producer gas, and the student who wishes to pursue such 
matters further is referred to that writer’s interesting boot 
on the subject. 

We have now discussed the ideal conditions of working. 
In practice, about the theoretical weight of water is used iii 
suctton producers, lor pr^ure producers such as the Mond 
producjers an exo^ of steam is admitted in order that the 
tmperature of the coal may be kept to a point lower than 
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that at which ammonia dissociates, it being a feature of this 
process to recover and sell the ammonia produced from the 
nitrogen contained in bituminous coals ; the effect of this, 
incidentally, is to lower the thermal efficiency of the producer 
to about 80 per cent. 

Equation (5) is sometimes followed instead of equa- 
tion (6) for the decomposition of the steam, depending on 
the temperature of the reaction and the masses involved.* 
Mr. Dowson gives these two comparisons of the theory and 
practice in each case : — 



Theoby. 



Practice. 

Gas formed according to 
Equations (2) and (5) : — 

Gas made at Millwall. 

121-3 vols. contain same weight 
of carbon and consist of : — 

CO 

N2 

. 

. 

Per cent, 
by Volumes. 

. 39-9 

. 170 

. 43-1 

CO . . 

H 2 . . 

Ns . . 

CO 2 . . 

Methane . 


Volume'?. 

. . 33-5 

. . 18-6 

. . 62-8 

. . 4-7 

. . 1*7 




100-0 



121-3 

Gas formed according to 
Equations (2) and (6) : — 

Gas made at Winnington. 
117-6 vols. contain same weight 
of carbon and consist of : — 

CO . 
H, . 
CO 2 . 

Nj . 

. . 

• 

Per cent, 
by Volumes. 

. 19-7 

. 28-8 
. 14-4: 

. 371 

CO . . 

H 2 . . 

CO 2 . . 

N 2 . . 

Methane . 

• • 

Volames. 

. . 12-9 

. . 34-1 

. . 18-8 

. ■ . 49-4 

. . 2-4 




100-0 

117-6 

It will be noticed that an excess 
of air has been admitted in each 





case. 




116. Actual Producers. In Eig. 56 is shown a reproduction 
of a working drawing of a 150 H.P. suction producer made by 
the Campbell Gas Engine Co. The steam required for the 
reaction is derived from the annular boiler surrounding the gas 
producer, and the heat necessary for vaporization is derived 
♦ sSee footnote on p. 175. 
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froiB the lieat of the fuel. This steam passes with the air down 
a pif^ leading to the base of the gas producer, and is then drawn 
through the glowing fuel wdiich is maintained at a temperature 
of about 1,000 C. The air and steam on passing through, the 
furnace are decomposed in accordance with the equations 
already gireii, and the hot producer gas then passes through 
a dust trap or separator, and then past a water seal into the 
coke scrubber which consists of a taU vertical vessel containing 
coke upon which a vrater spray is kept playing. This cools 
the gas, condenses any steam there may be in it and serves 



Fig. elevation of a 150 E.P. Campbell Suction Gas Producer, 

Fyel IS first admitted through the hopper B, Air then enters at AL, 
piefe up m its way and passes by the pipe E to the grate G. The 
come away from the upper part of the producer and pass by the 
pim sy^m shown at J> to the Scrubber Chamber, where they are cle^s^ 
ftad <^l©d. Tlie gas^ are next drawn along the pipe I to the expansion 
ms: G m meir way to the ^ine. , ' " 


generaly to cleanse it. Thence the gas passes to a gas box ^ 
to equalize tie pressure, and from that it is drawn mto tie 
engine as wanted. A fuU description of how to work such 
a ppoda<*r is, on account of its possible value to such 
ise^lwswho }Mybe unacquainted with the actual working of 
8iH}h plant, given as an appendix to this chapter. The above 

• afe bt* be pot as near the rajgme as possible. 
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description applies to a plant using anthracite.* When it is 
desired to use coke as fuel, a sawdust scrubber is usually re- 
quired in addition to the coke scrubber. An outside view of 
a similar plant is also given in Fig. 57. 

There is not a great deal of difference between the different 
makes of suction producer plant. Fig. 58 shows an out- 
side view of a National Gas Engine Co. type, similar to that 
which was awarded the gold medal at the Royal Agricultural 
Society’s Trials in 1906. Its internal arrangements are much 
the same as those already described, except that the vaporizer 


Fig. 57. — Outside view of 80 B.H.P. Campbell Suction Gas Plant. Note 
small size of Producer for the amoimt of power produced. 

is fed with water which has first been heated by being passed 
through a pipe in the gas outflow passage and is then vaporized 
on the '"flash” system. 

Pressure producers are worked on much the same general 
principles, except that the air and steam are forced through 
the coal instead of being sucked through. In general, too, 
they are for much larger plants. Suction producers are usually 

* Bituminous fuels cannot be used in suction gas producers, unless « 
of the specially designed type made by Dowson and a few other makers, 
and such, producers are less simple to operate. 
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for quite small outputs — commonly about 30 or 40 H.P. 
and rarely going beyond oOO H.P., whereas the power from 
oressure producers may run into thousands of horse -power. 
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from the tests held on suction producer plant in 1905 by the 
Highland and Agricultural Society of Scotland, and in 1906 
by the Royal Agricultural Society. 

In the 1905 trials ten complete plants, exhibited by six 
different firms, were sent in for the competition. Particulars 
of these plants are given in the following table (^ee p. 184). 

The result of the trials was given in the Judges’ report,* 
of which the following contains an account. 

Each plant was allowed haK an hour of steady working 
before the actual power test, at the end of which the plant 
was brought back as nearly as possible to the same condition 
in respect of fuel, etc., as it was at the beginning of the trial, 
and the actual weight of fuel supplied in the interval was 
taken as that consumed by the plant during the pow’er test. 
The obviously weak point in this procedure was that it was 
quite impossible to determine absolutely whether the plant 
was really in the same condition at the end of the trial as it 
was at the beginning. By running the test for a long enough 
time, however, any slight error in this respect could be rendered 
of little importance, and probably the method adopted was 
the best one. The alternative would have been to start the 
producers up from rest, and note the fuel put in, then at the 
end of the trial, note the proportion in the producer which 
had not been burnt, subtract the two, and add to this any fuel 
which had been introduced during the test. This procedure 
was adopted at the R.A.S. trials in 1906, except that the fuel 
consumed when the producers were banked up ah night was 
also included, so leading to the disadvantage that it did not 
give a real fuel economy test. Also it was extremely difficult 
to tell at the end of the trial how much of the fuel left in the 
producer could properly be said to be unburnt.” 

In the Scotch trials it was found that the coal per 
B.H.P.-hour at full load varied from 1*25 to 0*84 lb., and at 
half load from 1*55 to 0-91 lb. This was for the 8 H.P. sizes. 
For the larger, 20 H.P., plants the fuel per B.H.P.-hour at full 
load varied from 0*93 to 0-77 lb. and at half load from 1*08 to 
0-92 lb. These results serve to show how economical the 
suction producer plant is when compared with steam engine 
♦ Engineering y November 17, 1905. 
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plant of the same output ; the latter would consume any- 
thing from times to 4 times as much fuel per B.H.P. Other 
interesting figures reported by the Judges are that the capa- 
city of the producer per declared B.H.P. varied from 0*124 
cu. ft. to 0*295 cu. ft. for the 20 H.P. size, and from 0*161 
cu. ft. to 0*372 cu. ft. for the 8 H.P. size. Each of these 
figures show a ratio of about 2*3 to 1 and the price of the 
plants varied also but in not so great a ratio. The variation 
in cubic feet capacity per B.H.P. was an indication that 
little had then been done towards standardization of design. 

118. The tests carried out by the R.A.S. in 1906 were 
considerably more elaborate, and, as already stated, a different 
procedure was followed. The report of the Judges had been 
published and, although in some aspects it may be said to be 
controversial, it is certainly worth study. Fourteen plants 
were entered for trial and all but three ran through to the 
finish. The capacity in each case was 15 to 20 H.P.* A 
list of the plants with their leading dimensions and other 
particulars is given here — 


Name of 
Producer. 

Name of 

Engine. 

Eevs. / 
min. 

Stroke 

In. 

Diam. 
of Cyl. 
In. 

Declared 
B.H.P. on 
Anthra- 
cite. 

National . 

National . . 

190 

18 

10 

20 

Dowson 

Railway and 
General 

170 

18 

12 

20 

Paxman 

Paxman . 

220 

15 

H 

15-5 

Dowson 

National . 

190 

18 

10 

20 

Campbell . 

Campbell 

200 

19 

H 

18 

Campbell . 

Campbell 

190 

20 

10 

20 

Dudbridge 

Dudbridge . 

200 

17 

n 

20 

Mersey . . . 

Gardner . 

200 

18 

9 

20 

Hindley 

Hindley . 

600 

7 

7 

16 

Kynoch 

Kynoch . 

240 

18 

9 

17 

Newton 

Newton . 

200 

18 

9 

20 

Fielding 

Fielding . 

220 

18 

94 

18 

Crossley 

Crossley . 

220 

21 

8| 

17 

Crossley 

Crossley . 

180 

21 


15 


Measurements made of the fuel and water consumption 
showed figures ranging from. 1*47 to 1*04 lb. of anthracite 
Grate areas averaged about sq. ins. per B.H.P. 
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B.H.P.-iiour and from 3*61 to 0-73 gallons of water per 
B.H.P.-hour. The enormous variation in the quantity of 
water required was very striking, and it showed that there 
was a considerable difference in the manner of operation of 
the various plants. As the water required for steam making 
is verv small, practically the whole of the above difference 
must have been due to the different quantities taken by the 
scrubber. 

The Judges published the following conclusions as a result 

of the consumption trials — 

That with a good suction producer plant, working contin- 
uously, at the specified loads and under the best conditions, 
the following results may be anticipated : — 


With Anthracite, 

Full load : M lb. per B.H.P.-hour including fuel needed for 
starting, and for banking during the night. 
Half loM : 1*6 lb. per B.H.P-hour including as above. 

Water : 1 gallon per B.H.P.-hour at full load and | gallon 

at half load. 


With CoJce, 

Full load : 1*3 lb. per B.H.P.-hour including fuel needed for 
starting. 

Water : 1| gallons per B.H.P.-hour at full load. 

Professor Dalby * also recorded as a result of these trials 

that— 

Assuming a 20 B.H.P. plant to start on Monday morning 
with an empty producer, and to run ten hours per day on 
ful Imd for a week, banking the fires at night, the consump- 
tion of anthracite peas would be about half a ton for the 
week, and about | ton if the average load is about half full 
load. With a>fca the consumption is about 26 cent. 

From 2,(M)0 to 3,000 gallons of water per week are 
required for a 20 B.H.P. plant to provide water for the scrubber 
and the producer, and of this by far the larger part would be 
i»d in the scrubber.^’ 

were alro made of the times taken to start up and 
* 1^ A pap^, August, 1006. 
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to change load. As a result of their investigations the Judges 
awarded the premier places to the National and Crossley plants. 
The Judges were Professor Dalby and Capt. Sankey, R.E. 

119. Test of a Dowson Suction (Jas Producer Plant. — ^The 
following account of tests on two Dowson Suction Plants is 
extracted from Mr. Dugald Clerk’s 1904 ''James Forest” 
Lecture before the Institution of Civil Engineers. The tests 
were carried out by Mr. M. Atkinson Adam, B.Sc., Assoc. M. 
Inst. C.E. The first plant was adapted for a working load 
of 40 B.H.P. and the second for 30 B.H.P. In each case the 
producer was started up cold, and run on test for fuUy eight 
hours. At the start air was blown in by a small hand-power 
fan and after ten minutes from lighting up the gas was of a 
proper quality. The gas was then sucked through by a fan, 
which represented the action of a gas engine operating under 
a constant load sucking gas from a producer in the usual way. 
Thence the gas passed to a gas holder. Analysis samples 
were frequently taken and the anthracite analyses were under- 
taken by Mr. Bertram Blount, F.I.C., Assoc. Inst. C.E., whilst 
the gas analyses were carried out by Mr. Horatio Ballantyne, 
P.I.C. The heat ej0S.ciency of the producers was found in two 
ways : — 

(1) Counting in the fuel used in the starting up operation 

which includes that necessary for the heating up of 
the plant. 

(2) Omitting the first two hours of the test, and so giving 

the plant what may be termed a " fl 3 dng start.” 

The quantities of water used are very interesting. The 
figures showed that for vaporization, the 40 B.H.P. plant 
used about 30 lb. per hour, whilst the 30 B.H.P. plant used 
about 20 lb. per hour. For the scrubber, the 40 B.H.P. plant 
used about 400 lb. per hour, and the 30 B.H.P. plant used 
about 380 lb. per hour. This shows how small a proportion 
of the total water consumption is needed for vaporization. 
The anthracite used was of an ordinary commercial kind, 
costing 145. per ton at the pit, and about 24s. per ton 
delivered at Basingstoke. The efficiency figures for the two 
producer plants were found to be 
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Standing .^tart ” 
Flying start ” . 


(40 B.H.P. 

• t30 B.H.R 
j40 B.H.P. 

• 130 B.H.P. 


85 per cent. 
75 per cent. 
89 per cent. 

86 per cent. 


Reference should be made to the paper for detailed figures, 
but it may be mentioned that the gas was found on a general 
average to have a calorific value of 135 B.Th.U. per cubic 


, and have a composition as 

follows : — 


/H, 

. 

. 15-5 

per cent. 

CH, . 


1-2 

}} )3 

Ico . 

. 

. 20-0 

33 33 

ICO. . 


7-0 

3 3 33 

0. 

. 

0-5 

33 33 

,N. 

. 

. 55-8 

3 3 33 


100-0 


1^. T^ts of Pressure Producers. — In 1904 some exhaustive 
tests were made in America on the results of employing differ- 
ent varieties of bituminous coal in pressure producer plants 
and in steam engines, and it is worth while to give a brief 
account* of some of the figures obtained {see p. 186). 

In each case the output was about 200 E.H.P., and in 
most cases the length of the trials was from 10 to 30 hours. 

Mr. Shober Burrows has reported the result of a 24 day test 
undertaken in 1906 on a pressure producer plant operating 
with bituminous fuel. Analysis of the fuel showed — 


H,0 

Volatile combustible 
Fixed carbon , 

Ash . • . 

S . . . 


14-68 

30-98 

42-93 

10-08 

1-33 


100-00 

B.TkU. per lb, . . . . = 12,343. 

• rAe Time. Supplement, January 23 , 1907 . 
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Kind of Coal 

Name of Sample 

Coal burned 
per E.H.P. 

Ratio 
of Coal 
used by 
Steam 
Plant 
to that 
used in 
Gas 
Plant 

Steam 

Plant 

Gas 

Plant 



Lb. 

Lb. 


Kitximin . 

Alabama, No. 2 . 

4-08 

1-64 

2-49 

Hlack lignite 

Colorado, No. 1 . 

4-84 

1-71 

2-83 

Kitumin . 

Illinois, No. 3 

4-34 

1-79 

2-42 


„ „ 4 . . 

4-80 

1-76 

2-73 


Indiana, No. 1 ♦ 

4-13 

1-93 

2-14 

„ ... 

j> >j 2 . . 

4-35 

1-55 

2-81 


Ind. Terr., No. 1 

4-04 

1-83 

2-21 


„ » 4: . 

4-64 

1-43 

3-24 


Iowa, No. 2 . * . 

4-95 

1-73 

2-86 


Kansas, No. 5 

3-93 

1-62 

2-43 


Kentucky, No. 3 

4-22 

1-91 

2-21 

? » • * • 

Missouri, No. 2 . 

4-93 

1-71 

2-88 

5 > • • • 

W. Virginia, No. 1 . 

3-90 

1-57 

2-48 


4 

3-62 

1-29 

2-80 


» r, 7 *. 

3-55 

1-46 

2-43 



3-63 

1-78 

204 



3-46 

1-40 

2-47 


„ . „ 12 . 

3-53 

1-50 

. 2-35 

„ ... 

Wyoming, No. 2 

6-90 

2-07 

2-85 



Ave; 

rage 

2-57 


The gas left the generator at about 644° F. and passed a 
water seal to the scrubber. Thence to a centrifugal tar ex- 
tractor. The calorific value of the gas was found to be 156 
B.Th.U. per cu. ft. and its composition was 


COs . 

Ethylene . 

CO 

Hj . 

Methane , 


N, .. 


9-2 

0- 4 
20-9 
15-6 

1- 9 


100-0 
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A tout 143 lb. of tar was extracted per ton of coal used in 
the prodoeer, whilst the approximate figures show that an 
average of 1*39 lb. of coal was used per B.H.P.-hour. As 
tMs plant ran for 24 consecutive days without shutting down, 
it is evident that continuity of operation could be practically 
acMevai. 

The whole of these tests go to show the great fuel economy 
obtained by the use of gas plant as contrasted with steam- 
pknt. Another feature in which the gas plant has the advan- 
tage is in the smallness of the stand-by losses. When a hoilei 
is banied up for the night it consumes a very much larger 
quantity of coal during the period of banldng than a producer 
plant of the same output w^ould require. Actual measurements 
of this nature are recorded by Mr. Dowson in his book 
on Producer Gas, and it was found that in the case of 
steam power, the consumption of fuel per standing hour 
was 71 *5 lb., and in the case of gas power, 3*5 lb. only, which 
shows a ratio of about 20 to L And since each of these figures 
is the mean of several tests, they are not open to the criticism 
that they represent isolated cases only. 

It will be of advantage to record at this point what are 
the chief objects to be achieved in the aesign and working 
of producer plant — 

(a) A fairly deep fuel bed should he allowed for, otherwise 
the air may blow through in thin places, and so lead 
to local variations in the temperature. 

(b) Provision of some sort must be made to prevent caking 

or cavitation of the fuel. 

(c) Fuel must be fed in and ashes removed in such a way 

as not to render the process discontinuous or inter- 
mittent. 

(i) Leakage of gas from pressure producers must at all 
costs be avoided, as the gas contains a large pro- 
portion of poisonous CO. 

There «e a good many makes of pressure producer plant, 
and «)me are adaptable for hy- product recovery. Among 
tte one of the me^t prominent types is the Mond pro- 


CHAP. Vl] 


THE GAS PEODUCER 


191 


ducer, which is being used on a large scale in South Stafford- 
shire. Here ammonia in the form of ammonium sulphate 
(AnisSO^) can he produced as a by-product and sold for a 
considerable amount — often more than enough to pay the 
coal bill. In this process, as has already been explained, 
the temperature of the producer must be kept low, and to 
do this, large quantities of steam are used, as much as 2| lb. 
per lb. of coal. This has the effect of course of reducing 
somewhat the actual efficiency of the gas producer and of 
raising the percentage of hydrogen present, but not to such 
a point as to introduce trouble in a suitable engine. 

121. Percentage of Hydrogen. — ^The percentage of hydro- 
gen present in the gas to be employed in a gas engine regulates 
the amount of compression which can be used. A good com- 
pression is essential for high efficiency, but if the proportion 
of hydrogen is high the danger of pre-ignition has to be 
guarded against. The following table taken from a paper 
by Mr. J. R. Bibbins * shows the proportion of hydrogen 
present in various kinds of gas and the calorific value of the 
gas when taken alone, and when taken with its theoretically 
requisite proportion of air — 


Gaa 

B.TIi.ir, per cu. ft. 

^ ^ 

ET^ — ^per 
cent, by 
volume 

Gas 

Mixture f 

Katural Pittsburg . 





978 

91-0 

30 

Oil 





846 

930 

32*0 

Coal-gas 





646 

91*7 

460 

Carburetted water gas 





575 

92-0 

40*0 

Water gas .... 





295 

88-0 

480 

Producer, hard coal 





144 

680 

200 

„ soft . 





144 

65*5 

10-0 

„ coke . 

• 




125 

630 

10-0 


Attempts have been made to reduce the proportion of 

* “ Fuel Gas for Internal Combustion Engines,” Gassier^s Maga- 
zine, 1906. 

t Based on theoretical air for combustion. See also par. 143. 
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hjdrogen by admitting some of the extaust gases into the 
prcMlncer instead of water vapour. In this case the dissocia- 
tion of CO2 replaces that of H2O. This process is called the 
straight carbon-monoxide gas producer.” It is claimed 
to work very w'ell and to permit of very high compressions 
lieing used. The gas has a calorihc value of 1D5 B.Th.U. and 
» composition of : — 


CO 

26-95 

per 

H. 

0-20 

J J 

CO, 

1-75 

}9 

CH* 

0-50 

J5 

N, 

69-30 

J ? 

0, 

1-30 

)S 


1^, (tompirisoii of Costs. — ^The following interesting com- 
parison has been drawn up by Mr. L. Andrews and is well 
worth study. The figures relate of course to pre-war costs. 


Capital Cost of 16,000 Iv.W. Plant. 



Sfeeam 

Turbine 

Gas 

Engines 

Eagmm and eiectiic generators . . 

£ 

96,000 

£ 

161,700 

Boiieis, f^-pumps, (x>aJ handling 
piMlt, etc. 

81,000 

gi®-el©aning and coal hand- 
ling pl«DLt, mth all pi|^. 


77,700 

Inxilding, frames, and en- 
gine foundadons 

18,000 

42,000 

Swikdi-g^r and wmng fcr ditto . 

5,250 

5,250 

AJIowmi» im eoiitm§en,el«, 6 per cent. 

£200,250 

10,012 

£286,650 

14,332 

e^pIM ^ K.W- installed . . 

£210,262 

£13-1 

£300,982 
£18-88 - 


MmmeHng, (Mober U, 1907, 'and iS.A., January 30, 
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Bunning Cost oit 100 per cent. Load Factor. Annual 
Output- 140,000,000 K W. Hours. 



steam 

Turbines 

Gas 

Engines 

Fuel, 165,000 tons at IO 5 . . 

£ 

82,500 

£ 

Fuel, acid, stores and repairs for pro- 



ducers, less sale of by-products . 

— 

28,250 

Labour 

7,000 

9,000 

Repairs of turbine plant, including 



boilers, etc 

8,750 

— 

Repairs of gas plant (excluding pro- 



ducers) 

— 

6,000 

Oil, waste, and stores (excluding pro- 



ducer stores) . 

1,750 

4,370 

Interest and depreciation at 10 per cent. 

21,020 

30,098 . 

Total cost per K W. hour . • . . 

£121,026 

0-204d. 

£78,118 

0135(i. 


Mr. Andrews also takes the case when the load factor is 
only 15 per cent., and in that condition of running the costs 
per KW.-hour came out at 0*545d. for steam turbines, and 
0*566ci. for gas engines. These rates are nearly the same, but 
with rise of load factor the balance would soon turn in favour 
of the gas plant. Mr. Andrews’ estimate of the capital and 
running costs of the plants would now need revision. 

123. The Use of Gas Plant for Marine Propulsion has been 
discussed before several engineering societies. 

Mr. J. T. Milton in his 1906 paper before the Institution 
of Civil Engineers stated that he was led to give attention to 
engines of this kind in connexion with proposals to fit them in 
vessels classed with Lloyd's Register. The paper deals with 
engine problems only, and assumes that a proper and suitable 
type of producer capable of using cheap fuel would before long 
be available. The writer of the paper specifies the following con- 
ditions which must be satisfied by a successful marine engine — 

(а) The engine must be reversible. 

(б) It must be capable of being stopped quickly and of 

being started quickly either ahead or astern. 

p 
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If I It be capable of being promptly speeded to any 

desired number of revolutions between dead slow 
ami full speed, and of being kept steadily at the re- 
quired speed for any length of time. Dead slow 
ought to l>e not faster than one-quarter of full speed, 
and should be less than this in very fast vessels. 

frf) It must be capable of working weU, not only in smooth 
water, but also in heavy w^eather, in a seaw^ay in which 
the varying immersion of the propeller causes rapidly 
changing conditions of resistance. 

(€) All working parts miist be readily accessible for over- 
hauling, and all w’earing surfaces must be capable of 
being promptly and readily adjusted. 

(/) Tlie engine must be economical in fuel, and especially 
so at its ordinary working speed. 


Certainly no esdsting engine complies with all these con- 
ditions, and reference should he made to Mr. Milton’s paper 
for a discussion of the difficulties : some curves are there 
given showing the different turning moment curves for different 

arrangements of engine. 

Not only would the introduction of gas engines for war- 
ship piopulsion lead to a gain of space and dead weight (so 
allowing the offensive or defensive materiel to be added to), 
but the liettcr disposition of its parts, and the absence of 
funnels w oiild adroit of a great improvement in respect of an 
actual increase in the number of guns which could fire on 
either broadside. In the proposed plan of battleship con- 
gtraction, the gas producers are shown divided into two sets 
on either side of the ship, and the prope llin g machinery 
is shown vrell aft. The deck is clear for gun barbettes. Mr. 
Miton gives tie foEowing comparative table Olustrating the 
superiority of the gas engine plant so far as area occupied, 
we%ht and fuel consumption are concemed — 
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Co3rrARiso:N" op Weights, etc., of Steam, Gas axd Oil 
IMachi^sEry toe 16,000 H.p. Battleship. 



I Steam Engine 

Gas Engine 

Oil Engine 

I.m.P. available for pro- 




pelling tlie ship . . . 1 

^Veiglit of machinery, in- 
cluding nsual auxiliaries, 

16,000 

16,000 

1 16,000 

but not deck machinery 

1,585 tons * 

1,105 tons t 

i 750 tons i 

I.H.P. per ton of machinery 
Area occupied by machin- 
ery^ : Engines and boilers 

10*1 

14-48 : 

21*33 

or producers .... 

7,250 sq. ft. 

5,850 sq. ft. 

4,100 s(|, ft. 

Area per I.H.P. 

Fuel consumption in lb. per 
I.H.P. hour-— 

0-455 sq. ft. 

0*366 sq.ft. : 

i 

■ 0-257 sq. ft. 

At full power. 

1-6 lb. 

1-0 ib. 

0-6 lb. 

At about full power 

1-66 lb. 

1-15 lb. 

0- 75 lb. 


124. — One of tlie difiSculties in coniiexion witli the utiliza- 
tion of the gas engine on board ship lies in the fact that when 
the speed of the ship is decreased, the resistance to motion 
is decreased at a far greater rate, and this means that the 
mean effective pressure on the piston must be capable of very 
considerable reduction. When an attempt is made to get 
very low mean effective pressures in a gas engine, the engine 
is liable to stop altogether — ^in fact the gas engine as at present 
de-vised is not sufS-ciently elastic in its manner of working to 
make it an effective rival to the steam turbine for marind 
purposes. The difficulty may be solved by driving generators 
from the gas engines, so producing electric current wMek can 
be ULsed in motors driving the screw propellers, but this re<iiiires 
a great weight of macliinery, and is costly. 

125. Low Coal Engine. — ^An engine has been introduced 
by A, M. Low in which a special cylinder head contains a 
miniature gas producer, so that small coal can be fed direct 
to the engine. The coal passes down vertical tubes heat«i 
externally by the exhaust gases ; through these tul^ is 
passed a stream of air and steam in the same proportion m m 

*** Includes water ia boilers. 

„ ,, jackets and piping, but not coal in prodnc»rs- 

:}: „ ,, jackets and piping. 




im THE INTERNAL COMBUSTION ENGINE [chap, vj 

a hUi'thM gAri prodiieer. It is claimed that an experimental 
pi.;iiit ii«tl only about 0*5 lb. of coal per B.H.P. hour, but 
drtailed figures are not given of this test.* A miniature gas 
|Tofliict*r has also been used bjD. J. Smith f for the propulsion 


Messrs. J. I. Thomyoroft'rCo.T™ 

te fuel cc«te are equivalent to petrol at 2^. per gallo 

appendix A 

%«*atioaof atjpe^ suction producer plant. 

a-a# Mngtmet, Nov. 15 . i»i2. | i.a.e., iggO. 
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scrubber. In addition to these there is a siinpie form of separ- 
ator through which the gas passes on its way from the producer 
to -the scrubber, and in which it deposits the heavier particles of 
dtast which axe carried oxer from the producer. A gas box is also 
pro “vided between the scrubber and the engine, to act as a reser- 
Yoix, from which the engine can draw a regular supply of gas. 

^ L . Method of Gas Production. — this method of gas production 
air and steam at atmospheric pressure are drawn through incan- 
descent fuel by the motion of the engine, the oxygen, hydrogen 
axicd carbon combining in the producer to form a combustible gas 
wltich is suitable for power purposes. No boiler for pro riding 
she aim under pressure is required, and no gasometer, the engine 
generating its supply of gas by the motion of the piston in the 
cylinder. The fuel used must be anthracite coal or coke (hitu- 
mixLOus coal must not be used). The steam is generated in an 
e vsiporator which is heated by the fire in the gas producer. The 
a.iir is drawn into the producer over the surface of the heated water 
m the evaporator and in passing takes up the steam which it then, 
caxries through the producer. 

General Instructions . — The coal used should he passed through 
at sieve and no pieces under J in. (5 nun.) should be used. The 
most suitable size is | in. to 1 in. (16 mm. to 25 mm.). Coal dust 
is not only of no value, hut it tends to stop up the pipes and 
interfere mth the working of the plant. The fuel should not he 
moistened before it is used. AIL the moisture required should he 
pr-ovided in the form of steam and pass through the fire in the 
ordinary way as described helow. The evaporator should always 
Ho kept full of water to the overflow pipe. A water supply must 
Ho provided for the evaporator and the coke scrubber, and a drain 
to carry away the water from the scrubber. In any instaUation 
of this type, the engine should be erected as close to the prc- 
dlxicer as practicable so that the connecting pipes between the two 
axe as short and direct as can be arranged. 

3. To Start the Gas Producer after Erection or Clmnirng, — ^Before 
starting it is of the greatest importance to see that all the piping, 
cocks, and various vessels which go to make up the gas-producing 
plant should be air iight^ as the apparatus when in operation is 
sxibjected to an excess of atmospheric pressure from without. If 
tlie various parts of the plant are not airtight, the air which leaks 
io will interfere with the quality of the gas and make it poorer. 
For this reason the whole apparatus should he tested after erection 
to prove the soundness of the jointe, the test being carried out m 
f ollows : Heferring to the illustration, if all the openings are closed 
except the cock E, and air is then blown into the apparatus by the 
hiLand fan A, the various joints can be tested with a light. If air 
ox gas escapes from the joints it wili be at once detected. This 
best should be made periodically to see that everything k iaoidM. 


198 THK INTERNAL COMBUSTION ENGINE [chap, vi 

!* , u 1.- c.t>rW out .it anytime after cleaning, and when eyery- 
tuiv • |.n.v<>a to 1)0 in good working order the engine should be 

I i.lt niii h.r immediate use when the gas IS available. 

Frtn idod tiuit all the joints are sound and water should 

r..)w k- 1 nnud on to the coke scrubber by means of the tap C until 
n .AorShiws through the pipe D provided for that purpose. It is 
i-.,s.Etul that the scrubber should contain sufficient water to seal 

Water elioulii then be admitted to the evaporator E by means 
of the tap tl until it just overflows in drops by the pipe T provide 
for th.^t purpose. This overflow should be very shght before start- 
ing and LvJt be regulated from time to time when rumimg accord- 
ing to the load on the engine as described below. The taps C and 

and the cock H should now be closed. The cock B and the cock 
d on the wa^te piiie K should be opened. The fire door L and the 
aKhrit door M should then be opened and a fire of wood or coke 
starteil in the g.a8 producer. Ordinary bituminous wal must on 
fi-o s€€€nmi fee mcd. When the is burning up 'well anthracite 
ecAl shoiiU be added through the hopper N in small quantities 
from time to time as the whole mass of fuel becomes incandescent 
tlirAtF.gliiFiit, this being continued until the gas producer is full to 
t hi^ level I if the kit tom of the gas pipe P. The fire door L and ash- 
pit door M should be cio^d as soon as the coal is well alight. The 
hand fan A must be "iised for the purpose of blowing up the fire 
whim stArtiiig» the whole of the products of combustion being blown 
by means through the gas pip© P, separator R and uptake pipe 
K to wastCj the cevk J being open during this operation. Supposing 
the fi» to have been lit for, say, fift^n to twenty minutes, and 
the hwiii fan to have been in operation during that time,^the quality 
of th© gas which m being made can now be tested by partially closing 
the ocMrk J and thus pasmr^ the gas through the scrubber and gas 
tox to the test c<»k Q. The nmrer this test cock is placed to the 
engine the better ; it can be pla<^ at any convenient point in the 
^ l»tw«a the engine and the gas box, for example. Before 
the gas through the serabter the water must be turned on 
to the scnibW, bj the tap C. The blowing will have to continue 
for m le-w miniitei until the scrubber and gas box are cleared of air, 
and gai hai Mown in to take its place. A light should then 
M pl^d to the test cock Q the gas. if of a good quality will 
1mm with a steady fiame. If the coal is of good quality the gas 
wii hum with » feng lame, orange iwi in colour, and one which 
mot go out* With wmae emlB it Is .difficult to produce anything 
bttt a Wit fiame, but as tong m the gas bums steadily it wiU 
pi»rai|' ^ ftand that it » of sufficiently good quality to start 


Wtei the gas, as described, care must be 

to torn liit fan at a steady Mwi even 8|«d. Und^’ no cir- 
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cunastances should the fan be stopped while the ga« is biuming at 
the test cock or the pressure will at once fall and the tiame will 


irii 



LL 

1 


■■[■Cil 

1 





pTObaMy be (irawii back into the gas box and fire the gm m tlie 
gas box and scrubber, the explosion caused thereby blowing the 
wator Out of the water se»l Mid possibly doing oth^ dam^. 
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On tlie ivtlier ha!id,tht‘ fan must not be blown too hard or the 
gas will he out through the water seal at the bottom of the 

coke scrubWr. x 

The ta|> C should 1.^ opened to such an extent that the tempera- 
ture of the lower portion of the scrubber does not rise above lOQ^ 
Fahr, approx. ^ the top of the scrubber being cold. The amount 
by ■'ifMch the tap G is o|^ned must be regulated according to the 
load oil the engine and so that the evaporator is always full and a 
slight siirpliis of waiter runs in drops ^only through the overflow^ 
pi|>€ T into the ashpit when the engine is running under a full 
load. When rimning under a light load little or no water is re- 
cpired in the ashpit^ An excess of water in the ashpit results 
in a fwr cpialitv of gas. 

4 . To Simi the 'Emjim,— As soon as the gas is burning satisfac- 
torily at the test cock this eoc*k and the cock J should be closed 
and the fan st op|)ed. The engine should then be started in the usual 
way. No time must be lost in getting the engine^ started or the^ fire 
111 the producer mdli lieeome dull and a poor quality of gas be given 
c> 5 . Assuming that the engine has been started, the cock H should 
!m? o|)eiiecl and more water turned on to the scrubber by the tap C 
and to the evaporator by the tap G. The cock B should now be 
closed. By o|iening the cock H and closing B the air is drawn in 
thre^ugh the inlet S and over the heated water in the evaporator 
F, the suction set up by the movement of the engine piston causing 
& eoiistaiit indraught of air in the direction shown by the arrows in 
the sectional diagram. It may be mentioned here that the supply 
of air to the engine will have to be adjusted from time to time 
according to the quality of the gas. For this purpose a simple 
fom of throttle valve should be provided in the air inlet passage 
through which air is supplied to the engine. This valve should be 
«!giilated so that as far as possible the engine takes in a supply of 
gas at every cycle and thus k^ps the fire in the producer bright 
and in good condition. The engine should be provided with 
iiieehanlsm to ensure this being done. 

5. Mdhd of Stoking the Qm Prodmer. — ^The gas producer is 

provid«i with a hopper at the top for the purpose of feeding the 
tire. The hop|M*r is provided with a swing door at the top and 
a valve with a welghtM lever at the bottom so that when fresh coal 
li added the top d(X>r only is opened, the valve remaining closed. 
When the coal has been filled in through the hopper the top door 
in eioml and the valve opened. By this means aU air is excluded 
fioiii tlic" gas producer. &re should be taken- to see that the valve 
to miiich the weighted lever is attached is properly closed so that 
tie* air mn enter the gas producer is working. Generally 

i|mkkg It Will be nectary to add a charge of anthracite ev^y 
two or tlttce hmm ; thk, however, must depend upon- the size of 
the appwattts and the amount of j^wer whioh the engine is develop- 
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iiig. While the gas producer is in full operation tlie coal should 
not be allowed to fall below the lowest point in the evaporator. 
The top layer of coal should never be incandescent, tMs point can 
be watched through the mica window which is provided for that 
purpose at the top of the hopper. Previous to stopping the engine, 
bow^ever, the fire in the producer should be burnt dowm so as to 
leave only a moderate q'uantity of coal in the producer, sufficient 
to start up quickly again when required. How frequently the fire 
will have to be cleaned will depend upon tbe quality and amount 
of the fuel used ; speaking generally twice a day will be sufficient, 
once in the morning before starting and once at midday, if a stop- 
page is made then. Should it be necessary to stir up the fire whilst 
the engine is at work this can be done through a hole in the ash 
door "by means of a poker. If it is necessary^ to take out the clinker 
w^hilst the engine is at work, this should be done very- quickly so m 
to allow as little air as possible to enter the gas producer, for should 
an excess of air be allowed to enter, the gas w^ould be of inferior 
quality. It is advisable as far as possible to leave tbe gas producer 
alone whilst the engine is at work, except for the occasional chaiges 
of coal which it requires. The gas producer should be cleaned out 
entirely about once a week and the clinker chipped off the fiLrebrick 
lining of the producer if necessary. The producer should never 
be cleaned directly after the fire is raked out, but should he allowed 
to cool down gradually, otherwise the firebrick lining will probably 
crack through the rapid change in temperature. 

6. Hydraulic Box , — The surplus from the coke scrubber is led 
into the hydraulic bos W by means of the pipe D. This water 
forms at the same time a water seal for the pipe which conn^fcs 
with the separator mentioned above. The box W should 1^ cleaned 
out every few weeks so as to keep it clear of the accumulated ash 
and small particles of coal which will come over with the gas. 
Special attention should be paid to the pipe J> to see that no foreign 
matter settles in it. When the engine is at work the surface of the 
■water in the hydraulic box will be in constant movement ; the 
movement, which should he a slight one, will vary with the amount 
of gas drawn away by the engine. Aa overflow pipe X is provided 
to run the water away from this box to a drain, or as may be 
arranged. 

7. Coke ScrvMer , — ^The coke scrubber is provided to remove 
from the gas all its impurities and at the same time to cool it. When 
the apparatus has been erected tbe inside of the crabber should 
be thoroughly cleaned and the grating put in through the up|»r 
manhole. The scruhber should then be filled, with well wash^ 
foundry coke, the ske being not than about 1 in. (25 mm.). 
The bottom layer of coke for a depth of about 8 in. (0*2 m.) should 
consist of pieces which are under any circumstance so large that 
they wiM not fall through the grating. The scrubber c»n then be 
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lilliH’I lip mitli eoke to about 4 in. (O*! m.) below the water pipe, 
111 fore the bottom of the scrubber should be cleaned out 

fhroiigh the d«>rs provided for that purpose. All the openings 
In tliescnibk^r should now be closed and the water supply turned 
(«i that the coke is washed thoroughly free from all the particles 
of dust which it may contain. Every three or four weeks the 
kittom dcM>r of the coke scrubber should be opened to see whether 
there is any accumulation of dust in the form of mud at the bottom 
the scrubber; this if present should be removed. When the 
mkt k first put into place this examination should be made more 
ffW|iiently, &s new coke frequently contains a large quantity of 
The eoke In the scrubber will, generally speakii^, be ser- 
%icwble for a period of nine to twelve months, but this depends 
iip^M the amount of work which the plant has to do. When it 
Is found necesMty to renew the coke in the scrubber the whole 
of the apparatus must be stopped, the waste pipe opened and all 
the ash and fire hole doors opened and left open for several hours 
b^ore any work is done to the plant. The upper cover of the 
serabber should then be removed and the coke taken out through 
the upper side door in the scrubber. This cleaning should take 
place during the daytime so that no fire or light need be brought 
into the gas-pknfc hou^ while it is going on. The windows of the 
Ii 0 ui» should be open during the process of cleaning so that there 
m plenty of ventilation. It is advisable that there should always 
he two men present during the operation of cleaning, in case one 
of them should be overcome by the presence of gas. When replac- 
ing the doors on the scrubber after having renewed the coke care 
must be taken to me that the joints are sound and tight as already 
derorib^. 

8 . Piping mmd Om Box. — ^These should be looked to and cleaned 

once a month. Impurities will settle in any pockets or where 
the of the gas is not direct. Eor this reason all bent pipes 

ihouH b© avoided as far as possible and when present should be 
examinwi from time to time. The moisture which condense in 
the gas box and in the pipe leading from it to the engine should be 
emptied out daily, otherwi^ it will get into the engine and interfere 
with Its working. A drain cock should be provided, as at Y, for 
the purpose of drawing off this moisture. j 

9. To Stop the Om Producef. — ^The gas cock on the engine should 
Iw shut and the waste cock J opened so as to allow the remaining 
gm to e»ape. The ta-p G and G and the cock H must then be 
tkmd tad the ash docu: opened a few inches so as to allow the fire 

mnilmm burning. 

10. To Simrt fte mgain after a Temporary Stoppage . — 

file ami should be opened to clean the fire, any 

or clmker should mnoved without disturbing the fire 
mMm^h pMibk, the dLoom should then be closed, the cock 
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Reopened, and the fan started aiitil the fire is again in good con- 
dition. Anthracite must then be added until a good quality of gas 
is obtained, when the engine may be started up to work. When 
tlae stoppage is ocdj temporary, the scrubber and gas bor will 
probably be full of go«i gas when it takes place, and it is there- 
fore better to test the fresh gas, made at restarting, by means of 
a test cock placed at Z rather timxi to test it at Q. When good 
gas is obtained at Z the cock J can. be closed and the gas then sent 
through the scrubber and gas box to the engine. By following 
this plan the good gas remaining in the scrubber and gas box when 
the plant was stopped will be utilized, instead of being blown 
aw-ay to waste as might otherwise have been the case. 

Caution . — The regulation, of the supply of water to the coke 
scrubber is important. If the supply be too small, steam viE be 
formed in the scrubber, the gas wOl not be properly cleaned, and 
the quality of the gas will deteriorate. If the supply be too great, 
the water seal of the gas pipe will be too deep and the engine will 
not be able to suck the gas through the producer. The coal should 
not be too large or of unequal size, or the air spaces between the 
various pieces will be too great. The guiding principle in this is 
to have a mass of fuel in the producer which is as homogeneous as 
passible without being solid. Where coke is used as the fuel a 
sawdust scrubber is req[uired between the coke scrubber and the 
gas box. When a gas plant has been designed for anthracite, other 
modifications may be necessary if it is decided to change from 
anthracite coal to coke. 


EXAMPLES 

1. Th© following measurements were made during a test of a gas 
engine using producer gas : Volume of gas used per hour = 1,400 cu. ft. 
Calorific value of gas = 90 C.H.IJ. per cu. ft- B.H.P- = 29-2. Water 
flowing through jackets = 70 gallons per hour. Bis© in temperature 
of jacket water = 60® C. Calculate : 

(i) the number of C.H.U. supplied to the engine per hour. 

(ii) the number of C.H,XJ. turned into useful work per hour, 
(ih) the number of C.H U. absorbed by the Jacket water per 

hour. 

How much heat per hour is unaccounted for, and what has bm>me 
of it ? 

2. A coal has the foUowiag analysis : carbon 88 per cent., hydn^ea 
4 per cent., oxygen 2*4 percent,, sulphur 1 per cent., the remaiiMiar 
being ash. Calculate the calorific value per lb, and the theoretic^ 
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quiinfity air rr-qiiirttl fi>r its ec>niplete combustion. State how you 
mi.rjiil ^y^wnmn t.i«' i|uantity of air ac*tually supplied. (Cal. values, 
€ H-:-2y,hXU 8=2,240.) (B. of E., 1912.) 

3. Oil a trial of a gas producer and engine the following particulars 

were noted 

Ihimtion of trial, 24 hours. 

Total coal used, 2-4 tons. 

Caioritie value of coal, 14,500 B.Tli.U.’s per lb. 

I.H.P. of engine, 259i. 

Jaeket-cooling water used per hour, 185 lb. 

Teiniieratureof jacket -cooling water ; — ^inlet 60° F. 

outlet 140° F. 

If the thermal effielency of the producer is 80 per cent., and assum- 
ing no loss between producer and engine, estimate the thermal effi- 
rk^Bcy of the engine and the percentages of total heat of combustion 

kmt : — 


(i) in the jacket-cooling water, 

(ii) in the exhaust g^es, by radiation, etc. 

4. Suppose that for T2 lb. of coal we get 1 B.H.P.-hour from a gas 
engine using Dowson gas. Tliis works a reversed heat engine, the 
mecliMiieal efficiency of the engine being 85 per cent. Ca‘‘culate the 
lieat imitg added to the air per lb. of coal per hour and compare it 
witli direct heating. What is the ratio of the amounts of air that can 
lie teated over the same temperature range by the two processes. 
Hie calorihc power of the coal is 8,200 C.H.U. per lb. 
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Blast-Furnace and Coke-Oven Gases 

T’H:ERMiLL Value — Clea2^i2?g the Gas — ^Utilization ot the Sdbjpuus 

Power. 

126. rh.6 Praductiaii of Waste lower from Blast-Fomac^ 
and Coke-Oven Gases. — ^The plan of using blasf-furnaee and 
coke-oven waste gases in gas engines is now quite largely 
followed; and the extent to which it may be put into force in 
SLXij country depends chiefly upon that country’s output of 
pig-iron. The following figures show the pre-war output 
in metric tons for the three countries chiefly concerned — 


i 

1911 

1 


23,600,000 

Germany ...... 

15,300,000 

Great Britain 

1 

1 

9,700,000 


The gas that issues from blast furnaces is rich in carbon- 
moiLOxide and poor in hydrogmu and has a calorific powder of 
about 90 B.Th.TJ.’®' per cu. ft. : whereas the gas from coke 
ovens is extremely rich in hydrogen and may have a calorific 
■value as high as 500 B.Th.U.f per cu. ft. The former is the 
easier to deal with as it is produced at a steadier rate, whikt 
with the small quantity of hydrogen which it contains, pre- 
ignitions are unlikely. Consequently it is safe to raise the 

• 50 pound-calories, 
t Ahout 280 poimd-calori^ 
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sinpre.N'^ion to a miieh higher poiat than -would otherwise be 
Awl the engine is thereby rendered of higher thermal 
vtYiiiemj. Both gases require cleaning in order to remove the 

tills!. 

127. Btest-iiiniace Gases. — ^The idea of burning Blast- 
fiirimce gasc^s directly in gas engines instead of under steam 
licdiers, as had previously been done, was first put into practice 
the year 1804, nearly simultaneously in Great Britain, 
Gt^riniiriy and Belgium. The pioneers, prominent among 
miioni was the late Sir. B. H. Thwaite, experimented with 
small engines and, m satisfactory results were obtained, it 
was soon desired to increase the scale of operation. In 
Germany great progress has now been made and a number of 
lai^ plants have been put in in this country and in the 
U.S..A. 

Tl^ calculation as to the power available in this way in 
Great Britaiii may be made in the following manner. The 
pig-iron output for 1911 (for example) was, in round figures, 

10,0€0,000 tons, 

and it is well established that the residual gases from blast 
funmees in Great Britain as well as on the Continent and in 
America, are capable when used on internal combustion engines 
of yielding about Z7 BLP. per ton of pig-iron per day (the figures 
given by various engineers are as follows : Greiner, 20 ; 
Biy-an DonMn, 28 ; Max Rotter, 25 ; Thompson, 20 ; Rossi, 
^ to It follows that the whole output would be about 

i0,(K>e,OOO , ^ ^ ^ 

— X 27=740,000 

erf which at pr^nt the greater part is going to waste. 

Tie correspondh^ H.P. for the 15, 300, 000 tons of output 
In Gtrmmy would be 1,100, 0(X) H.P., which agrees generaUy 
with ftr. Hoffoiwm’s estimate of 1,000,000 H.P. 

It Is 0<mfideiitly calculated that in those countries wherG 
life ctevefopment is in progre^ a saving of several shillings 
ttti ii naade in e(^t of producing iron. German 
in ]|^rticular ha^ been very favourable to this 
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Professor H. Hubert remarks * that in Belgium the honour 
of being first in the field belongs to Messrs. Baill^’ and Kraft, 
of the Cockerill Co. The patent taken out by the Company 
for this new application was dated May 15, 1895, and the 
first trials were made at the end of that year. They w'ere 
made with a Simplex engine of 8 H.P.,in which the clearance 
space had been reduced in order to increase the compression 
a-nd to facilitate the ignition of the mixture. The gas cleaning 
was imperfect, and was carried out simply by passing it through 
t}wo scrubbers four metres high. The engine is stated to 
liave displayed perfect elasticity, and adapted itself to the 
^ariLations of composition, pressure and temperature of the 
gases. 

The following interesting table is taken from Professor 
HnberPs paper — 



Date 

• 

Po’wer 

Calori^' 

used 

Ther- 

mal 


Trials 

I.H.P. ’ 

B.H.P. 

L^P. 

Hoiir 

Effi- 

ciency 

8 H-P. engine 

1896 

5*26 

4 

4,030 

per cent 
15-77 

200 H.P. engine (single cylinder, 
single acting, constant ad- 
mission) 

1898 

213*9 

181-82 

1 ^ 

2,775 

22-9 

000 H.P. engine (as above) 

1900 

825-8 

6700 

2,520 

25-2 

200 H.P- engine (as above, ex- 






cept for variable admission). 

1901 

246-9 1 

215-3 

2,766 

2S0 

1,400 H.P. engine (double-acting 






tandem, variable admission). 

1906 

1,755 ; 

1,582 

2,129 

29-8 


128. Coke-Ovai Grases. — ^Coke-oven gases are much richer 
in hydrogen than blast-furnace gases, and they are therefore 
much more liable to pre-ignitions. To awcid this danger, the 
compression is not taken so high, although this pr^autioii 
xxrifortnnately has also the effect of tending to reduce ^eiency. 
On the other hand their thermal vsdne is far y^her, often 
more than fiwe times as high. To illnsfecate tMs, the fddowing 
typical figures are given 


• Iron and Steel Institute, 1906. 
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•■I W t 

rdi- 


'P fi: ? 

i i;r : 

r 


B. F. gas 24§ per cent, of CO ; 62 per cent, of Ng ; IJ per 

cent, of Ht; Calorific value 86 B.Tli.U.’^ per cu. ft . 

C, Oven gas : — 50 per cent, of ; 40 per cent, of CH* ; 

Calorific value 560 B.Tli.U.f per cii. ft. 

To calculate the possible output obtainable from coke- 
oven gases ill this country is not difficult. Taking the 1911 
output of pig-iron as 10,000,000 tons, the consumption of hard 
coke may he put as about 11,000,000 tons. To produce 
this quantity of coke about 15,000,000 tons of coal would be 
required, which on coking would give off about one-fifth of its 
freight in the form of gas, corresponding to about 500,000,000 
cubic feet of gas per day. Assuming that a quarter of this 
is available as a surplus for use in gas engines, and that 
it is of the thermal value of 500 B.Th.TJ.J per cu. ft., the 
corresponding thermal energy is easily calculated. If the gas 
engines used have a thermal efficiency of 30 per cent., the 
following H.P. would be available : — 

1 X X 5 ^ X o® = soe.ooo h.p. 

or in round figures 3(K),(N)0 HJ?, This is an estimate for the 
English output. Dr. Hoffmann has estimated the German 
output as from 550,000 to 600,000 H.P. Hot a little enter- 
prise has been shown in Germany in harnessing this source 
of power, and action is being taken in this country to the 
same end. 

^ The proportion of one quarter, used in the above calcula- 
tion § as to the fraction of the gas available for the production 
of tMs surplus power, depends upon chemical problems, but 
it las r^ntly l^n found that by raising the temperature 
of the air entering the ovens to 1,000 or 1,100^ 0. by means 
of regeaemtora, only 45 to 65 per cent, of the total quantity 
of gas evolve from the fuel is required for the work of heat- 

♦ About §0 poimd-caJories. 
t Aboi^ SI0 poimd-tmloxi^ 
t Abofit S'SO iwiad-caloriefiL 

to ovens, the contimiously 

m to aumlwr of tons of ooke made per week. 
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iiig the ovens, so that practically half the gas would in that 
case be available for the production of power in gas engines. 
This idea has been worked out by Mr. Koppers, and at the 
Anna Colliery of the Eschweiler Mining Co., near Aix-la- 
Chapelle, there are reported to be six batteries of Koppers 
regenerator ovens, with a power station designed for the 
production of 16,000 H.P. from the surplus gas. 

It is on record* that at the 'W'ath Main Colliery, Wath- 
uipon-Dearne, Rotherham, an installation of SO Hiiessener 
patent by-product coke ovens, erected by the Coal Distillation 
Co. of Middlesbrough — representing the Action Gesellschaft 
flier Kohlendestillation — ^has been put in. The plant is to 
produce 800 tons of blast-furnace coke per week, and there 
is to be available sufficient surplus gas and surplus waste 
heat to produce 300 H.P. of electricity from the 30 ovens, 
in addition to meeting the requirements for power for coal 
grinding, elevating, and by-product plants. There are other 
instances of similar enterprise whereby English firms, on 
discarding the old ‘‘ beehive ’’ tjp>e of oven, have been able to 
obtain large quantities of surplus pcwer. Of course there are 
other by-products besides power produced from coke ovens, 
such as sulphate of ammonia, coal-tar and benzole. 

129 , The Shelton Iron Works have some Koerting Engines 
working on coke ‘Oven gaseSj and it has been found f that when 
some coals aj-e used a calorific value of over 600 B.Th.U.| 
per cu. ft. is obtained, although 400 is more common. In no 
case, however, is the quality constant during the whole period 
of coking. It usually decreases from about 450 to 350 during 
the operation. The gas passes through scrubbers, where the 
atmmondum sulphate and other by-products are collected and 
most of the tar removed. The gas then is divided into two 
almost equal parts, one half going to heat the coke ovens, and 
tlae rest to the production of power. As the gas contains much 
liydragen, naphthalene, and other highly inflammahle bodies, 
it is liable to pre-ignitions, and the compression is kept down 
to 100 lb. per sq. inch, instead of the 140 lb. per sq. inch, which 

♦ Jaimes E.S., April 17, 1007. 

1; ""Etigineerin^, Pcbmswy 15, 1907, # 

J About 330 pound-caloric 

P 
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otherwise be customary. The mean pressure works out 
at about 75 lb. per sq. inch. On testing a new variety of fuel 
the ftjllowing results were obtained : Thermal value of gas 
:iKI B Th.r.^ percu. ft., engines developed 1 H.P. per hour per 

22 CE.ft. at full load, or a thermal efficiency of ^ 

= 0"SO. The analysis of the gas was — 


CO, 

. 


, . 3-55 per 

cent. 

Olefines, etc. 



. 5-18 „ 



. 


. 1-59 


Methane 

. 


. 27-82 „ 

!»> 




. 54-33 „ 


N, . . 

. 


. 3-16 „ 

9 9 


Aeeording to some figures in The Enghieer, of 22 installations 
In Germany with a total output of 13,000 H.P. from engines 
working on coke-oven gas, no less than eleven, or half of them, 
do not find it necessary to clean the gas. One of them was 
stated to be using gas with 0-2 per cent, of sulphur without 
injurious effect on the iron. 

1^* deaning the Gas. — ^It has been found that the most 
effective way of cleaning the gas is by the action of a, water 
fan. The gas passes through a centrifugal farx which 
eaii»s the heavy particles of dust to fly outwards, and at the 
same time water is fed into the fan and broken up by the 
mme centrifugal action. This water catches up the dust 
particles and passes with them to a sump. Perhaps the best 
known gas cleaner of this type is the Theisen Patent Cen- 
trifugal Central-flow Gas Washer, made by Messrs. Richard- 
ioas^ Westgarth & Co. It is illustrated in Kgs. 61 a^nd 62. 
Tim Theisen machines are specially adapted for cleaning gas, 
and particularly hlast-fumace gas, for use in gas engines and 
where a Mgh degree of purity is required. When very hot 
and dirty gas has to be treated, it is considered advisable 
to instal & preliminary saturator before the washer, where 
the gas may he cooled and the heavier dust removed. In 
tMs way only is the volume of gas to be cleaned reduced, 
♦ 212 pOTOd-<^orie«. 
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Fig. 61. — Theisen Gas Washer — Section. 


bxit less water is required in the washer itself, and conse- 
quently less power is absorbed. The makers claim that the 
power taken to drive the cleaner does not exceed 2 per cent, 
of the maximum power which could be generated in gas 
engines from the gas cleaned. The quantity of water required 
by the Theisen 
apparatus varies 
with the tempera- 
ture of the gas 
and the amount of 
dust therein, and 
in addition with 
the degree of 
cleaning n e c e s- 
sary. With hot 
and dirty gas it 
sometimes hap- 
pens that as much 
as 1 litre of water Fig. 62. — ^Theisen Gas Washer — ^End Elevation, 
is required per 

cubic metre (or 1,000 litres) of gas cleaned, but usually half this 
quantity will suffice. Of course the water can be used again 
and again, if the dust be allowed to settle out of it. The makers 
have published the following table showing results of trials : — 
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1 Cubic Metre— 35-3 cubic feet. 
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The amount of dust in the gas can be measured very easily. 
It is only necessary to pass the gas through a filter consisting 
of a glass tube filled with absorbent cotton. The quantity 
of gas passed is measured in a meter, and the cotton is weighed 
before and after. The method is stated to give accurate 
results if the cotton is evenly packed along the tube and is not 
hygroscopic. In any case the cotton should be dried before 
and after in a desiccator, and weighed from time to time to 
check whether any moisture is held in it. 

In America,* peculiar difficulties are experienced, owing to 
the character of the ores used. The Mesati ores are stated to 
be especially troublesome, owing to their friable nature. With 
every disturbance in the furnace great quantities of dust are 
evolved, which often pass the entire cleaning plant unless 
unusual precautions are taken. The suspended matter consists 
largely of ore dust together with some additional matter 
carried over from the other constituents of the furnace charge. 
At Bessemer, however, a cleaning plant has been put down 
which has cleaned the gas as low as OT grain per cubic foot, 
which is considerably cleaner than the surrounding air in 
that particular locality. In practice, however, the engines 
work quite well with ten times this amount of dust. 

131. Utilization of Surplus Power. — ^The utilization of the 
power derivable from the waste gases of blast furnaces and 
coke ovens is a problem in itself. The solution of this problem 
must depend upon the extent to which local demand for 
power exists, or can be created. It is only necessary to think 
of such electro-metaUurgical processes as the manufacture 
of aluminium to bring to mind the possibility of the creation 
of huge demands for current under favourable conditions 
in respect of load factor. For the transmission of such 
power for any distance less than half a dozen miles, it would 
probably be most economical to use pipe lines to convey 
the gases, but for longer distances electrical transmission 
would be the obvious method to adopt. Another industry 
that might be served is the manufacture of calcium carbide. 
Carbide is not now being manufactured in bulk in this country, 
owing to the lack of cheap power. Abroad, engineers have 
* Times E.S,, July 17, 1907. 
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tiir :uivaiitage of extraordinary cheap water power— as low, 
.ivfordine to'Professor S. P. Thompson, as part of a penny 
iiiT H.P.-hour—and it is clear therefore that unless some 
very ciieap source of power is rendered aTailable here also it 
«ili not be possible for this country to produce its owm 
carbide. Calcium carbide, in its purest form, is used for 
the production of acetylene for lighting purposes, but a 
less pure and cheaper kind can be used in the preparation of 
chanical manure, for which the demand is on an altogether 
larger scale. 

Lime and ceke when heated together to a temperature of 
C. produce calcium carbide, combining in 
accordance with the following chemical formula — 

CaO+aC^CaCs+CO. 

This reaction is carried out in an electric furnace ^worked 
either by direct or alternating current, although as the latter 
allows of a higher voltage transmission and simple trans- 
formation, it is usually preferred. It is a high temperature 
reaction and not an electrolytic one, thus permitting either 
type of current to be used. In the above ec[uation- the CO 
passes away as a by-product, and carries with it one-third 
of the carl^n used. This gas might of course be collected 
and its thermal value used say for the heating up of the 
charge of lime and coke, for the earlier part of the great 
temperature range necessary. The amount of current needed 
to produce 1 ton of calcium carbide is about f H.P.-year. 
Mr. Bertram Blount in his Practical Electro-Chemistry remarks : 
— '‘The surplus gas (from coke ovens and blast furnaces) 
can 1» used with economy in large gas engines of 500 or 1,000 
H.P., and energy thus obtained almost as cheaply as from a 
water-power. For example, at an inclusive cost of per 

H.P.-hour, which is by no means unattainable, the price per 
H.P.-y»r is £3 IZs,, a figure which approaches that of a 
mcxierately cheap water-power. The real obstacle to^ the 
general utiiimtion of such power is not its cost, but the some- 
'wMt rwtricted market for carbide, causing it to be readily 
awtmped by any great increaro of supply ; even with that 
re^riction, however, the manufacturer having cheap coke 
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and lime in an industrial centre, will stand at least as good a 
chance as his rival with slightly cheaper power, but away from 
such supplies.” 

Owing to the discovery that calcium carbide could be 
used in the preparation of an excellent chemical manure, 
the possibility has been opened up of an enormous demand 
for this product, thus affording a suitable purpose to which 
large quantities of electric power could well be devoted. Such 
an enlargement of the calcium carbide market might not be 
altogether welcome to present manufacturers of the carbide, 
as the new product, not being used in the production of acety- 
lene gas for lighting need not be so pure. A heavy demand 
for the less pure carbide might therefore lead to difficulty in 
obtaining small supplies of a purer kind, as it would hardly 
be worth while undertaking it. Or even if undertaken, the 
cost of such carbide might actually be greater with the increase 
of output than it is now. Probably if the bulk of the output 
were of a different quality it would not be feasible commercially 
to produce raw carbide in so pure a state, but this would not 
prevent the impurer carbide being purified by subsequent 
treatment in such quantities as the acetylene demand might 
necessitate. Even if chemical difficulties present themselves 
in the purification of the carbide when made, there is no reason 
to suppose that the ingenuity of chemists will be unable to 
circumvent those obstacles as soon as it is necessary for them 
to be dealt with. Present-day manufacturers hold to preven- 
tion being better than cure, and would far rather see that 
purer raw materials (coke and lime) were used ; but if a big 
agricultural demand should arise, it is not to be expected that 
subsequent modes of manufacture would be controlled entirely 
with a view to the smaller market. The virtue of calcium 
carbide from the agricultural point of view lies in the fact 
that it can be converted into calcium cyanamide, which can be 
directly applied to land as a fertilizer, and that when so employed 
it is of great value and efficacy. The cyanamide can be ob- 
tained direct from the carbide by fusing the latter in a stream 
of nitrogen. Or if preferred, the process may be shortened 
by admitting nitrogen to the electric furnace in which the 
lime and coke are being fused. 


216 THE INTERXAL COMBUSTION ENGINE [chap, vii 
EXAMPLES 

1. A giM engine indicates 60 H.P. when using gas at the rate of 800 
ei!. ft. per iioiir. The calorific value of the gas is 300 C.H.U. per 
cii, fk Calculate the thermal efficiency of the engine. 

(B. of E., 1912.) 

2. Tlie following data are taken from a record of a test of a gas 

engine iMiiig power-gss : — cylinder diameter = 48 in., stroke = 54 
a., = 75 lb. per sq. inch. Number of explosions per min. = 

Gaa used per min. = 1020 cu. ft. Calorific value of gas = 60 
C.H.IL per cu. ft. B.H.P. = 545. Calculate : — 

|i) Tlie I.H.P. 

{ii| The mechanical efficiency of engine. 

fiiil Volume of gas used per I.H.P.-hour. 

(iv) Volume of gm msed per B.H.P.-liour. 

(v) Indicated thermal efficiency. 

{vij B»ke-th©mml efficiency. 
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SECTION III 

OIL AND PETROL ENGINES 


CHAPTER VIII 

Oil and Petrol Engines 

Fuels — Slow-Speed Oil Engines — Diesel Engine — Petrol 
Engines eor Motor Cabs and Aircrapt — Carburettors — 
Theory oe Jet Carburettors — ^Ignition — ^Marine Engines. 

132. Fuels. — ^Internal combustion engines are of two classes : 

(1) those that work with gases for their explosive medium, and 

(2) those that use vapours of liquid hydrocarbons such as oils. 
The former class has been dealt with in the preceding chapters 
so far as everything except methods of ignition is concerned 
— and ignition being similar in both classes does not need to 
be dealt with in two parts. Oil and petrol engines, as those 
in class (2) are generally named, are of practically the same 
design as gas engines so far as cylinders, pistons, valves, etc., are 
concerned, and the difference between them mainly relates to 
the mechanism for dealing with the fuel used. A gas engine does 
not need any carburettor, w'hereas in most oil and petrol engines 
it is one of the most important and most sensitive parts. 

Ricardo points out * that a given engine will develop more 
power with petrol than with coal gas for the reason that — 

(1) In order to consume the whole of the oxygen present 
the volume of petrol vapour required is only slightly over 2 
per cent, while that of coal gas is nearly 17 per cent., hence 
the volume of oxygen burnt in the case of petrol is about 15 
per cent, greater. 

(2) Owing to the latent heat of evaporation of petrol the 
temperature of the working fluid is reduced both before and 
during its entry to the cylinder. So that a greater weight 
is taken in ‘ per stroke. 

(3) After combustion the specific volume of an air-petrol 


♦ N.E.C.I. of E. & S., 1918. 
219 


mi: IXTEKX'AL COXIBrSTIOISr ENGINE [cha?. ym 


mixtam is iiiert^iiscd by 4 to 5 per cent., while with town gas 
tl.t-re is a loss of Tolume of about 3 per cent. 

The mAiii requirements of liquid fuels for internal combus- 
tion eii janes are that they should 

(i) Be moderate in cost; 

p) & free from anything which might lead to deposit 

inside cylinders ; 

1 3) Cause a mioiniimi of difficulty when starting the engine ; 

(4) Not lead to objectionable exhaust. 

The liquid fuels in common use are heawy- or medium oils, 
petrol, alcohol, and certain coal-tar products. 

The crude i^troleum coming from the well is treated afc the 
oil ii?in€>rs in such a -way as to separate the light constituents 
from the heavy. This process is known as '"distillation."’ 
The crude oil is gradually heated in large boiler-like vessels, 
and m the vapours are given off they are led to a separate 
chamber and there condensed into fractions according to the 
boiliiig point or density. 

The density of the oil on leaving the well is about 0*8 to 0*9 
and the amiual output for the whole world is about 90,000,000 
tons. This total is very small when compared with the 
output of coal (which is more than 14 times as great), and 
unless extensive new supplies of oil are discovered it is 
useless to expect to replace solid by liquid fuel, although 
the higher calorific value of the latter might make the 
desirable. The sources of the supply of petroleum 
in lifO* were as follows — 


U.S.A. .... 

. . . 64*8 per ceat. 

Mexico . . . . ■ 

. 23-3 

B-iwia .... 

3*5 „ 

Ihiteii E. IhdM. , 

2 5 

ladm .... 

. 1*2 

Tewia .... 

. • 1*0 „ 

Other owmtrias 

. 3*7 


100*0 „ 

It will be seal tlmt the first 

two countries produced 88 

r oemt. erf tite irhole. 



^ Sir Q, dourest Lecyfeor©, 1921. 
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Pennsylvanian petroleum consists of a mixture of hydro- 
carbons of the €3^112114.2 group in which n may be anything 
from 1 to, say, 30, and the boiling point rises gradually from 
0® 0. for ClHio to 280° C. for C18II34. Hexane (CgHi^), which 
has a boiling point of 69° C. and a density of 0-667, is practically 
a light petrol ; but the heavier petrols come nearer to octane 
(CgHis), which hoUs at 125° C. and has a density of 0*718. 

183. Petrol. — ^Petrol (called '' gasohne ” in U.S.A.) is one of 
the lightest of the constituents of petroleum put to commercial 
use. It begins to distil at 50° C. ; at 80° C. to 90° 0. about 50% 
comes over, and by the time the temperature has been raised to 
150° C. all of it has been separated. This temperature range 
is 100 degrees Centigrade and is called the '' distillation range.” 
Petrol is an excellent fuel for motor-cars, having all the desir- 
able characteristics. In 1902 the quantity imported into the 
United Elingdom was less than 6,000,000 galls. ; in 1920 it 
was nearly 200,000,000 galls. 

In the early days of motoring petrol was usually of about 
0*68 specific gravity. Now, however, it is nearer 0*74. The 
best quality of petrol has a specific gravity of from 0*715 to 
0*730 and yields 63 per cent, on distillation at 100° C. and 
90 per cent, at 120° C. The calorific value is 10,700 pound- 
calories (19,200 B.Th.XJ.) per lb. (This is the "‘net ” calorific 
value, as it does not include the latent heat of condensation 
of the water vapour formed by combustion.) 

As is indicated by the large distillation range, petrol is not 
a single homogeneous product ; but its average composition 
corresponds fairly closely to the chemical formula CgHig. 

134. Paraffin— Paraffin (called “ Kerosene ” in XJ.S.A.) is 
the next constituent to distil over. Its distillation range is 
much greater than that of petrol, being from 100° to 300° C. 
It is therefore even less of a homogeneous product than is 
petrol, and it is, moreover, not possible to draw a distinct line 
between the two, the one merging into the other. The specific 
gravity of paraffin is about 0*81. Its calorific value (net) is 
10,600 pound-calories (19,100 B.Th.U.) per lb. Its average 
composition corresponds to CioHgjj. Owing to its large dis- 
tillation range carburation is more difficult than with petrol, and 
it is seldom used therefore for engines of the motor-car type. 
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Aftrr t!it‘ paraffin has distilled over the remainder is separated 
into liihrieatiriH oil. residual oil, vaseline and paraffin AV'ax. 

135, BeiizoL“~"The coal-tar product which is found to be 
siiitahle for use in internal comhustion engines' is benzol. 
It Is a colourless iiq^uicl having a specific gravity as Mgh as 0*88. 
The iipproxiinate chemical formula is CeHc* a,nd its calorific 
va!ii€3 k about lO.OOO pound-calories (18,000 B.Th.U.) per lb. 
It liegiiis to distil at C. and ends dislifiation at 120° C., 
slowing that it is a more nearly homogeneous product than 
eitiier |>etrol or paraffin. Owing to its high specific gravity it 
has II iiiueli higher calorific value per gallon than petrol. Its 
Tolatilltj renders it quite suitable for use in motor-cars, and 
it can l>e employed without any changes whatsoever in engine 
or carburettor. Some quahties have the disadvantage that 
at O'^ C. they freeze solid, but the presence of a proportion 
of toluene in the benzol removes this difficulty. 

186, Afcdiol. — Alcohol is a volatile and colourless liquid of 
vegetable origin with a chemical formula of CgHgO. f Its speci- 
fic gravity is 0’80. It distils completely between 80° C. and 
KXr' C., and the calorific value is 6,600 pound-calories (11,800 
B.Th.U.) per lb. It has, however, been little used for fuel in 
England owing to the high Government duty. 

Efforts have l>een made to encourage the use of alcohol in 
internal combustion engines, because of the cheap rate at 
which it can be manufactured on a large scale and because 
of the risk that the development of the internal combustion 
might otherwise be hindered by a partial exhaustion 
€i oil wells- 

W!, of Power Alodial . — k study was made of the 

several p<^sible source of power alcohol by a committee of the 
Petrofeum Ex^utive (Cmd. 218 — 1919). The following aore 
some of their conclusions. 

The outstanding and fundamental attraction of alcohol 
motor-fuel m a sulstitute for any fuel necessarily derived 
from coal or oi depcBits^ lies in the fact that, on account of its 
ehM sources being found in the v^etahle world, supplies of 

** ^ the chief coiistitoent (70 per cent.) of benzol ; anotber 

iWMtitiMit (20 per cemt.) is toluene, riyTT^. 

f K»pwm dmmxMj m Ethjd a£:k>Iio1. 
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raw material for its manufacture are being continuously 
renewed and are susceptible of great expansion without 
encroachment upon food supplies. 

‘‘ We are of opinion that steps should be taken to ensure 
increased production of power alcohol by the extended use of 
the vegetable matters from which it may be obtained. Impor- 
tant materials of this nature are : — (1) sugar-containing 
products, such as molasses, mahua flowers, sugar-beet and 
mangolds ; (2) starch or inulin-containing products, such as 
maize and other cereals, potatoes and artichokes ; and (3) 
ceUulose-containing products, such as peat, sulphite, wood-pulp 
lyes and wood. 

* ♦ * * * 

Seeing that one ton of potatoes yields only 20 gallons of 
95 per cent, alcohol, while the yield from artichokes is only very 
slightly higher, we are of opinion that, having regard even to 
the pre-war prices of potatoes and artichokes in the United 
Kingdom, power alcohol cannot be produced in this country 
from these sources on a commercial basis except under some 
system of State subvention. Similar considerations apply 
also to the sugar-beet and mangold crops. 

No satisfactory method for the utilization of peat as an 
economic source of power alcohol has been brought to our notice. 
We are, however, of opinion that in connection with researches 
into the use of peat for various purposes its potential value 
as raw material for the manufacture of such alcohol should 
not be overlooked. 

‘‘ We are of opinion that, so far as vegetable sources of raw 
material for the manufacture of power alcohol are concerned, 
we must rely mainly, if indeed not entirely, on increased 
production in tropical and sub-tropical countries. 

H: Hi ^ ^ 

We have referred to the basic difference between alcohol on 
the one hand and benzol, petrol, or other petroleum products 
on the other — a difference which has not as yet been properly 
appreciated — ^i.e., the fact that the chief raw materials for the 
production of the former can be renewed and are susceptible 
of great expansion, whilst those from which the latter are 
derived are limited to deposits, definite in extent, that cannot 
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!».' reiunvcd. Furthermore, as power alcohol is miscible with 
w .iter in nil |)roi)ortions, its use affords greater safety from fire 
than (h*- t lie employment of benzol, petrol, or other petroleum 
products. We consider that these two factors should be 
a*garded as sufficient grounds in themselves to justify State 
action in fostering the production and utilization of alcotol 
for power purposes.” 

138. Tabular Statenent — ^It is convenient to summarize 
the more important data in the form of a table 


Liquid Fuels 



Speeitie 
gravit V 
at 15" C. 

Dktiilation 
rang© 
deg. Cent. 

Calorific 
value (net) 
C.H.XJ. 
per potmd. 

Calorific 
value 
C.H.L. 
per Imperial 
gallon. 

Approximate 
Calorific 
value in 
ft.-lb. per 
pound. 

Paraffin . 

i C jQ Hat) 

0-81 

ico/soo 

10,000 

86,000 

15,000,000 

Petrol . 1 

(€« H,,) 1 

l}-73 

50/15D j 

10,700 

78,000 

15,000,000 

AlcolicM . ! 
(Ca lit i 

0-Sl> 

80/100 

6,600 

53,000 

9,000,000 

(€» H,) 1 

0-88 

80/120 

10,000 

88,000 

14,000,000 


1S9. Petrol-l)eimjl Mixtures.— Eicardoh as shawu* that with 
a given petrol which, with the most eSicient mixture strength 
and ignition, detonates when the compression ratio reaches 4*85 
will, w’hen 20 per cent, of toluene is added to the fuel, stand 
tlm compression ratio being increased to 5-57, with an accom- 
panyiiig improvement in efficiency from 31-1 to 33*5 per cent, 
and in iii»n effective pressure from 131*8 to 140 lb. per sq. 
inch. He points out that popular theories that benzol, or 
mixt.ure® of benzol and petrol, give higher power at the same 
compneMion than pure petrol (whereas all such mixtiires really 
give the same po'wer to within about 2 per cent.), owe their 
oii^ to the fact that mcBt engines have already too high a com- 
piesskm for efficient use with pure petrol, with the consequence 
that m bte iguition and cften an over-rioli mixture, mtist 

b« ; tl» additkm of bm^l in such cis.^ pmnodte the use of 

♦ Soc^y, 1921. 
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the correct ignition and mixtxn*e strength and so gives the 
impression that a more powerful mixture is being employed. 

140. Sources of Petrol Supply. — The advent of the motor 
car has been the main cause of the increase in the demand 
for petrol, which previously had been regarded as a waste 
product. Petrol is- now one of the most valuable components 
of crude mineral oil. According to Boverton Redwood and 
V. B. Lewes * the following were the pre-war sources of the 
petroleum spirit (or petrol) imported into Great Britain : — 


From 

Per cent. 

United States 

20 

Sumatra, East Indies, Borneo and Netherlands 

57 

Russia and Rumania . 

11 

Other Countries 

12 


100 


Processes have been tried and are to some extent in use in 
this country, for obtaining petrol from paraffin or heavier 
oils by the chemical process known as '' cracking.’’ There is 
a tendency, however, for these processes to be kept secret. 

141. Latent Heat of Vaporization of Liquid Fuels.— When 
water is raised to the boiling point and the application of heat 
is continued, some of the water is converted into steam ; each 
potnd weight of water formed into steam at 100° 0. needs 
537 pound-calories to effect the conversion. This 537 calories 
is called the latent heat of vaporization of water, or sometimes 
the latent heat of steam. In the same way, heat has to be 
given to petrol, paraffin, benzol, or alcohol to vaporize them. 
When these fuels are being used in internal combustion engines 
they need to be vaporized, and the heat necessary for vaporiza- 
tion is drawn from the air and metal in contact with them. 
If this heat be not provided in some way the fuel in the car- 
burettor will get so cold that it wiU not vaporize satisfactorily. 
The usual way of maintaining the temperature at a satisfactory 
level is either to warm the entermg air by making it pass round 


' ♦ Imperial Motor Transport Council, 1913, 


I 


226 THP: internal combustion engine [chap, vm 

, tlie liot exhaust piix-s, or by jacketuig the carhiu-etfcor with 
i tyiuKkT-Jai'ket water. If the former plan be foUow^ed it is 
found that the air needs to be heated by the following amounts 
to vaporize entirely the fuels mentioned : — 

Petrol ....... about 25 ° C. 

30" C. 

Paraffin . . . • . . . 60" C- 

Alcoliol 10O"C. 

^ Ppoiortioa of Air to Fuel. — ^The chemical composition 
of i^tTol Taries with its density, but taking it at the average 
of €f H It, the equation for complete combustion with oxygen is 

2CaH ,8+250 ,= 16C0, +18 H^O 


showing that 1 volume of petrol vapour will need for its com- 
plete combustion 12| volume of oxygen. And since air 
eontaiiis 23 |)er cent, of oxygen by w^eight, or 21 per cent, by 
volume, each volume of petrol vapour will need about 60 
volumes of air. It is also possible to calculate the proportion 
by weight instead of volume. Thus in the above instance 
2 (96+18) pounds of petrol need 25X32 pounds of oxygen 
25x3200 

and therefore — — pounds of air. The number of 
23 

pounds of air needed for the complete combustion of one 


pound of petrol is therefore 


25X3200 

23X228 


■=15 pounds.' 



1 Proportion of Air to Fuel for complete oombus'tioi]. 

Katio by volume 

Ratio by Tveight 

Parsfiln 

74 

15 

Aleohol ..... 

14 

9 

Bciiic?! 

36 

13 

PetK>l ..... 

60 

15 


foregoing table giv^ also the corresponding figures for 
alcohol and benzol. Th^e are the proportions for 
complete eombustion, but proportions varying within limits 

from figure will also explode. This is shown in 

tie folowii^ tabte ; — 
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Substance 

Patio by volume to air 

Ideal 

Practically possible 

-Alcohol .... 

7 per cent. 

4-0 per cent, to 13-6 per cent. 

IBenzol .... 

3 „ 

2*7 ,, i, 6*3 ,, ,, 

IPetrol .... 

1*7 „ „ 

1*0 ,, ,, ,, 5*0 ,, ,, 


143. Calorfflc Value of Explosive Mixtures. — ^Although the 
oalorific values of fuels vary so much — ^thus the calorific value 
of iHuruinating gas is many times as great as that of blast 
f nrnace gas — ^there is relatively httle difference between the 
calorific volumes of the explosive mixtures formed with them. 
This is because the rich fuels are diluted with a great deal of 
^ir, and the poor ones with very little. The following table 
illustrates this : — 


Puel 

Approx, calorific 
value per cu. ft. 

Volumes of air 
theoretically 
needed for 
combxastion. 

Approx, calorific 
value per cu. ft. 
of mixture. 

Blast furnace gas . 

pound-calories 

50 

0-6 

pound -calories 

31 

IProducer gas \ . 

70 

0*9 

37 

Ooke-oven gas . 

300 

5 

50 

Uluminating gas 

350 

5 

58 

-ALlcohol vapour . 

900 

14 

60 

Benzol vapour . 

2390 

32 

72 

Betrol vapour . 

U20 

60 

56 

Barafiin vapour . 

4960 

74 

66 


In practice there is always present some excess of air over 
siriid above the amount theoretically needed ; this leads to a 
reduction in the average calorific value of the gaseous mixture 
£bnd probably brings the figures in the last column of. the 
sbhove table still nearer to one another. 

Tizard and Pye have shown* that when heat of combustion, 
change of volume on combustion, and specific heat of the 
■working fluid are all taken into account the maximum power 
obtainable in any engine working under the same conditions 

♦ AniomobUe Engineer, February, 1921. 
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■(of wnipressioii ratio, induction heat, etc.) is the same to 
m nil Hi 1 |itT cent., for ail hydrocarbon fuels. 

144. Slow-s^d Oil Engine —As an ordinary petrol engine 
iiiiidi is mil on paraffin becomes thereby an “ oil engine,” 
it k necessary to bring in the variable factor, speed, in order 
to distinguish it from the older and heavier types of oil engine. 
The former runs at, say, 1 ,000 revolutions per minute and over, 
anil the latter at only a few bundred. Neither is essentiaUy 
difiereiit from the other. If a petrol engine is imagined as 
gfCMilIy increased in size — say to a cylinder diameter of 14 in, 
—and all parts increased in proportion, the safe speed at 
which the engine will run will need to be reduced, because 
whilst the weight of moving parts goes up with the cube of the 
dimensions, sectional areas of stressed metal only increase as 
t he squall. It is not possible therefore to aim at high speeds 
without greatly increasing the cost of production. The build- 
ing of such expensive engines is franily put on one side and 
a cheap engine is built which will run at a very slow speed, 
glover even than the proportion to the increase in dimensions 
w’oiild naturally suggest. This enables cheaper materials to 
be used than are employed in the construction of petrol engines. * 
The Diitpiit in horse-power is reduced in proportion to the 
speed, but increased as the cube of the cylinder dinaension 
provided that ports, etc., are designed of sufficient size to 
enable the working mixture to enter and leave the cylinder 
witho^ut imdue obstruction. 

As representative of this heavier class of engine the well- 
knowm CtaapteH oil engine is selected. 

1^. Tie Campbell Oil Engirie is illustrated in Figs. 
and S4. Fig. 6S shows the engine to he somewhat similar 
in pl&n to a hormontal gas engine and the engine parts are 
geneially on that scale. The mlet valve C and exhaust valve 
G me shown in position. The latter is worked through, a lever 
H and side rod J by an eccentric K driven from the crank- 
AMt L by spur gearing. When the speed exo^ds the normal, 

» »striftipl governor pmhm down a steel piece N, which 
enp^ges with a oomsponding st^l piece 0 on the exhaust 
pieveate the exhaust vdive G from closing. When 
tlfe m held no -partial vacuum can form in the 
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petrol engine 
^ "'oil engine/’ 
speed, in order 
*es of oil engine, 
ciinute and over, 
er is essentially 
is imagined as 
ameter of 14 in, 
- safe speed at 
-dnced, because 
the cube of the 
^nly increase as 
t at high speeds 
on. The build- 
>n one side and 
ory slow speed, 

3 in dimensions 
or materials to 
petrol engines. * 
>portion to the 
Lder dimension 
Lfficient size to 
the cylinder 

igine the well- 
'd in Figs. 63 
aewhat similar 
agine parts are 
exhaust valve 
through a lever 
)m the crank- 
ds the normal, 
dece N, which 
n the exhaust 
losing. When 
n form in the 



Fig. 63. — Secfcional Plan through cylinder of Campbell Oil Engine. 
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« vliiiiicT iliiririg the eliarging stroke of the piston because there 
ffiv ci'>!iimiiiiieation "with the atmosphere through the ex- 
valve, and consequently no charge of oil and air can 
he drawn into the cylinder. The vaporizer for combining air 
and oil into an explosive mixture is shown in section in Fig. 
64 ami eoiisists of a cast-iron chamber A securely bolted to the 



Fie, §4.— Cfanipbell Oil Engine, illustrating operation of vaporizer. 

ejilindcr and in direct communication with the comhustion 
ehaniljer. Into the top of this chamber the inlet valve plug 
B is fitted and this plug contains the seat of the inlet valve 
C (^-ec Fig. 63). Theinlet valve Cis kept closed by a Kght spring 
I> and only opens during the charging stroke of the piston 
when 3 partial vacuum is formed in the cylinder. Oil is 
admift«l through the annular space or groove F, and passes 
through Binali holes in the valve seat and into the vaporizer 
when th® inlet valve leaves its seat. Air is admitted through 
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■fch-o pipe M and passes through the inside of valve plug B, 
<^^rrying the oil with it. The ignition tube E is screwed into 
^ boss on the chamber A. The tube and the whole of the 
■v-^tporizer is kept hot by an external lamp.* During the 
charging stroke of the piston, a partial vacuum is formed in 
Lho cylinder and the charge of oil and air is drawn through 
■fcho inlet valve and sprayed against the heated sides of the 
chamber A. The mixture then passes into the cylinder, is 
Compressed on the return stroke of the piston and then fired 
by the heat from the 
ignition tube. 

146. The Hornsby 
Type of Vaporizer is 
also worth studying. 

This type of vapor- 
izer is shown in Fig. 

and to show how 
t:.he vaporizer is fitted 
in place the diagram 
includes the cylinder 
also. When it is de- 
sired to start the en- 
gine a lamp is placed 
nnder the vaporizer 
chamber until the 
la'fcter is at a sufficient 
-fcemperature to ignite the oil which is pumped into it. This 
lamp is withdrawn once the engine is started, as the heat of 
oxplosion is sufficient to keep the temperature up to the 
requisite point. The oil tank is under the engine, and from it 
-fche oil is forced by a small pump into the vaporizer just at 
-fche moment when the piston is starting on its out-stroke and 
is drawing in the air necessary to combustion.t The supply 

* In some later engines a large ignition tube is used which is able 
•fco retain enough heat from each explosion to fire the next, so that the 
lsi»imp may be withdrawn once the engme has been started, 

f In construction this type of engine is similar to the “ Hot bulb ” 
or “ Seinh-Biesel ” engine. (See par. 14=7 for comparison mth the 

Diesel.”) In these, latter engines, however, the fuel is not injected 
io-fio the vaporizer until the piston has reached the end of the com- 
pression stroke. 



Fig. 65. — ^Enlarged view of Exhaust valve of 
Engine shown in Figs. 63 and 64. 
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Ml i» controM by the goveinor in the foUowing wm 
• through a riHve-box with two tsIy^ ^one oi 

cfa leadi to the r*iK»mr and the other leads to an overflow 
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from which the oil can flow hack to the tank. If the speed 
rises beyond the required point the governor opens this latter 
valve and the quantity of oil getting into the vaporizer is 
rherefore reduced. On the return stroke of the piston the 
mixture is compressed and some of it forced back into the hot 
vaporizer, where the temperature is so high that ignition 
occurs and a working stroke is therefore made by the piston. 
The vaporizer chamber can, of course, be taken out and 
cleaned when desired. It is found, however, that even when 
working on quite heavy unpurified oils verv occasional cleaning 
will suffice. 

147. Biesel and 
semi-Diesel Engines. 

— Both these types 
V of engine work with 
a, heavy oil fu el. In 
both cases air only is 
admitted during the 
suction stroke, and 
in both the com- 
pression is carried to 
a much higher pres- 
sure and tempera- 
ture than is possible 
in oil engines in 
which an explosive 
mixture of air and 
oil vapour are com- 
pressed together. 

The first Diesel en- 
gine was built at 
Augsburg * in 1897, and since then many thousand engines 
have been constructed for the smaller naval ships, for 
power generation and for other purposes. In this engine 
the compression is carried to 500 lb. per sq. inch (coriespond- 

Di*. Rudolph Diesel on The Diesel Oil Engine/* Froc. I. M, E. 
1912. Diesel’s original idea had been to follow the constant tempera- 
ture cycle, but the large size of the engine in proportion to the indi- 
cated power made the mschanioal effioiency extremely poor and the 
cost very high ; the plan was therefore abandoned. 
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aid to a eoiii|)re.'^sioii ratio of about {2) and in the semi-Diesel 
tj-i iihimi 150 lb, ^ler sq. inch; whereas in the ordinary type 
ill! ePgiM^ the compression cannot be taken much beyond 
to 70 lb. |.^T sq. inch (gauge pressure) without the charge 
piv- igniting. The compression space in the Diesel engine has 
to Iw exiwdiiigl}^ small ; and to facihtate this the arrange- 
ment at the head of the cylinder is as shown in Fig. 67. In 
I tilt- -Diesel and semi- Diesel engines pre-ignitions of the ordinary 
I kind are equally impossible, as there is no fuel present during 
my part of the compression stroke — although if from defective 
rrii*triiitioii the oil inlet-valre of a Diesel engine should leak, 
there k» a ti^k that explosion may take place during the com- 


5. 



fia, S8.— indicator Diagram from Diesel Engiae. 


pfession and that the engine be damaged unless mas- 

I sively built This danger ia eliminated in the semi-Diesel 
engintw. which hare the oil supply forced into the cylinder by 
tilt* action (rf a force pump which comes into action exactly 
im the dead point — with this arrangement the only result of a 
k*ahy Talre would be leakage from and not into the cylinder. 

fa the Ihojel engine the fuel is sprayed in through the fuel 
v'MTe shown by air at 800 lb. per sq^. inch as soon as the valve 
Tl» compressicm stroke has previously compressed 
the lor and exhaust products to 500 lb. per sq. inch, corre- 
»pc»idmg to a temperature of about 600° 0. The oil vapour 
thrarfcare bums as it enters, and the pressure is maintained 

^ “ appreciable portion, of 

the ©otward strofa of tire pistou until at a^ven pokit the oil 
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supply is cut off and expansion takes place. Fig. 68 shows an 
indicator card typical of this cycle. In computing I.H.P. 
from such a card, deduction needs to be made for work done 
in the air-compressor. Every Diesel engine is equipped with 
a-n air compressor for maintaining a supply of air in the start- 
ing and air injection vessels. , The pressure is usually maintained 
in these vessels at from 800 to 1,000 lb. per sq. inch and must 


Ifi. fc A-.- ' ' 

69 -Four-cylinder " Mirrlees Diesel ” Oil Engine, Crosshead Type, 

■ 500 HP. at 200 r.p.m. 

not be aUowed to faU below about 600 lb. per sq. inch, other- 
wise the compression pressure in the working cylinder would 
prevent the fuel entering and the engine could not be started. 
\ The Diesel engine needs no ignition device. In the semi- 
Diesel engine, however, the compression temperature is not by 
i-tself high enough to ignite the od, which is therefore made to 
enter a specially hot chamber at the end of the cylinder. 
Contact with the hot walls of this chamber in the presence 
of the heated air ignites the charge. This hot chamber n 
Ixeated by a lamp on starting, but afterwards maintains itself 
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'•■■"I'OWTO. Tie rtole of the oil is injected 
-‘t .in.i not mdiially, as in the Diesel ^ 

it IS that the fuel consumption of a . ■ 

i'"? "h l"rv've''n cd‘V' B.H.P..h„„e aS 

of 15,000,000 ft-Ib 

iai i> 


»-# f S^'Ci 4*» !'>/« 
e-PmJ 'i'fjitcijm 

€-Si§r£-ii-^ i,gre>" 


ruelj 


U 






1 


IP' 


lljg. 

j 

lA/r 
mfec- 
h/on j 1 

llOv 

p^-jj 

rT 




rkw of Diesel Oil Tr„^- 
w poritio. ol ialet 

a. braie-thermal efficiency of ^-980,000 

I-hi. iaagood efficiency a„j tif’r’”" 

» mainly on necount’ot tie oitained 

^fe»a» to p. 85 will show employed. 

compression raH r standard” efS- 
^ Kewl ei^oe may be madfTf*^ 52 percent 

“ ^ 1 in .1 fonni'lrfi^ J 

IS easliy made reversible. 
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■wlnich for marine -work is convenient. Any widespread use 
of this engine either on sea or land depends very largely on a 
supply of residual oil fuel or of a suitable tar-oil being obtained 
a-fc a cheap price. 



148 The Thomycioft maxine engine can be operated with 
either' petrol or paraffin. It is, of course, easier to work a 
ro-arine engine on paraffin than a land one, as m the former 
ttie starting torque required is very shght, and the speed at 
which the engine rms is much more even. There are, m 
slaort, no hills to climb. 

The Thomycroft engine is illustrated in Mgs. 71 and 72, 
suxxd the foUowing description will help to elucidate them. 

In the first place it -will be noticed that the engme is e^en- 
■tiaUya marine one,'the bearing arms being cast on the bottom 


THK INTERNAL COMBUSTION ENGINE [chap, viii 

i . 1 of 1 ill hed-tilate. and large doors being fitted m the upper 
1 ilf to adjustments to be made to the bearings, 

i*, It will also be noticed that the engine is substanti- 
aily Iniilt and suitable for heavy continuous running at 

full power , , , • 1 j. AT 

The cvlinders M are cast in pairs with large water-jackets N 
I surrounding 

^ : them ; these 

:% ^ water-ja c k e t s 

^ a i ' extend suffici- 

/7*. X' .1 _.^L- ently far down 

^ !;l B to enable the 

working parts 

/ J ’■> I I 4c' f' r"y> V cylinders 

: I I c,- ^ com- 

H y ^ pletely covered. 

,.Lr...i., " I 0 is the piston 

y — I :4 fitted with five 

-'Ry ■. ■■ 1 ill ""'‘v piston rings; 

\ P the connect- 

' — ' mg rod working 

■ / A on the gudgeon. 

' y ^ fitted 

— I -I n "^ith a solid 

j "’“I / I j hush. R is the 

will be 

M ^'1 noticed that 

the cranks are 
Ml at 180 degrees 

^ with each 

Fifi. 7L— OuRuml Armngmmnt of Thornycroft nfhpT 

llarin# IVtrol or Paraffin Engine — End viaw. 

main bearings 

ait' fshowrn at S, and are of considerable length. The 
Imttmn ends T of the connecting rods are adjustable, and 
it mill te noticed that to a^ist lubrication the cap and 
blit OBI half brasses are left sUghtly narrower than the 
top hall The pinion U on the crankshaft drives two fibre 
wheels ? eoBi»ct^ k> tl® h^-s;^dshaftB. The free-wheel 






mm 


F^ifj, 7L— OuRuml Aimngemmi of Thornycroft S^xS"' 
llarin# IVtrol or Paraffin Engine — End vmw. 
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starting arrangement is shown at W, together with tbe handle 
and chain wheels. The sparking pings are shown at XX and 
are of the positive make-and-hreak type worked by tappets 






m 






Fig. 72. — General Arrangement of Thomycroft 6"8 Marine Petrol or 
Paraffin Engine — Side view. 

YY. Advance sparking gear is worked by the lever Z, and 
half compression for starting by the lever A. The exhaust 
collecting-branch is water-cooled. 






Wm, 73 — SI Ii.P. Fonr-Cylmdcr Albion Petrol Engine for Motor Wagon.. 

pr#pofti 0 m of the engines require to be designed separately 
for tmh of working. In "a petrol engine the working 

iaiil Is a mixtuM of air with about 2 per cent., by volume, of 
^trol ¥a|»iir. TMs mixture is formed by admitting both 
^ awl |«?trol to a device called a carburettor. From the 
»tbmfellor tim mlxturo to- the engine — ^most often 

Ihfoifh a ihrottte^ xalv© of the butterfly wing variety. The 
poportio» ol w and petrol are adjust by having variable 
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149. fbe Petrol Engine.— The principle of working of a 
petrol engine is just the same as that of a gas or oil engine 
so mutli so that petrol engines have not infrequently been 
couplet! up to suction producers and run for a time as gas 
engines. Although this is so it must he borne in mind that 
owing to difierences in the nature of the working fluid the 
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inlets for the air and controlling them by hand or by a governor. 

One, two, three, four, six or eight cylinders may be used to 
ma^ke up one engine. The 
cheaper cars usually have two 
ox four cylinders, whilst six 
cylinders are often fitted to 
tlio larger ones. The more 
cylinders an engine has the 
more uniform is the turning 
moment and the lower the 
sj>oed at which the engine 
ceun be run without stopping, 

Tixis is an important point, 
ebXX-dL it is usually discussed 
rxn.<ier the title of “ flexi- 
bility.” Maximum H.P. is 
txsxially obtainable at from 
1 ,5^00 to 2,000 r.p.m., but it is often desired to run at much 
lower speeds. As the car speed is required to have a very 
considerable range, and as full power should be available at ow 



Fig. 74.— Typical Piston of Fetrol 
Engine. 



C 5 = t =0 0===0 

75' Line Diagram of arrangement of Motor Car Chassis. (Compar: 

with Fig. 76.) 


a.s well as at high speeds, variable gearing has to be introduced 
t>e-fcween the engine and the road wheels. 

This brings us to the consideration of the mechanism by 
wliich the power of a petrol engine is transmitted to the road 
wlieels of a car. This is shown diagrammaticaUy m Fig. 75, 
wtiilst in Fig. 76 is seen a Talbot Chassis showing how the 
g, 37 ,^angement is carried out in practice. 
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I1']e engine is fitted to the car so that the crankshaft points 
in the direetion of motion of the car ; this shaft is continued 


mmtrn tmnt ef the car to the back and its continuation 
tki jropeller shaft, o-wing to its being similarlv place 
to tl» shaft oi a «;r©w steamship &nd actuaily\ein 
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the propeller shaft when used in a marine motor. This shaft 
transmits power by bevel, worm, or chain gearing to the rear 
axle of the car, which of course is at right angles to it. In 
order to be able to alter the velocity-ratio between the engine 
and rear axle a gear box is fitted in the position shown, and 
by means of a lever worked by hand, the velocity-ratio can 
be altered at will. 

The mechanical efficiency of the transmission from engine 
cylinder to road wheels is variously stated as anything from 
60 to 80 per cent. The following table based on tests by 
Riedler shows generally the way in which the losses are incurred. 



H.P. at full speed on level 

Benz 

Car 

(84: m.p.li.) 

Adler 

Car 

(71 m.p.h.) 

Daimler- 

Knight 

Car 

(50 m.p.h.) 

Bussing 
Wagon and 
Trailer 
(16 m.p.h.) 


H.P. 

H.P. 

H.P. 

H.P. 

Loss in transmission , 

17 

12 

6 

13 

Total rolling loss . 

27 

23i 

9 

17 

Front wheel friction and 





windage .... 

4 


4 

4 

Air resistance . 

52 

36 

22 

4 

Total H.P. . . 

100 1 

75 

41 

38 


The effect of speed upon the air resistance is very well 
seen from these figures. . It rises from the 4 H.P. of the 16 
m.p.h. vehicle to 52 H.P. for the 84 m.p.h. car. 

150, Sleeve and Rotary Valv^ for Petrol Engines.— A few 
petrol engines are fitted with what are known as sleeve 
valves ” instead of poppet valves. Sleeve valves work on 
much the same principle as a steam engine shde valve. The 
moving sleeve works in between the cylinder liner and the 
cylinder wall, and the liner itself may be made to slide too. In 
this way timed openings and closings of valve passages are 
possible. A further proposal is to use rotary valves, in 
which, by the steady rotation of one long distributor, all the 
cylinders are controlled. At present, however, experience is 
in favour of the poppet type of valve. 
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131 AeiO ED«iaes. — Aero engines, although generaUy 
..r.uLu- 111 F'rinciple to motor-car engines, reqwe to he made 
ur.h'h hghter. In 1914 aeroplanes rarely had engmes of over 
H P Four years later, under the stimulus of war condi- 
tioas., the same' types of craft had engines giving up to 400 
H P This change was accompanied by a remarkable drop 
in the weight (dry’) iier H.P., tIz. from 4 lb. to 2 lb. or eveu less. 



Fig, 77, Ifapier “Lion*’ Aero Engiae, 


irj, is siile4 by the makers to Tbe 900 lb., or exactly 2 lb. per 
H-.P. It » a iS-cylinder engnie (5| in. by 5| in.), built in 
Ikiee blocks of four cylinders, one block being rertical and 
Ite otter two indined at 60 ® to the vertical. His engine 
develop 4^- HP. at 2,000 r.p.in. with a compression ratio of 
or 425 HP. with a ratio of 5*0. Tbe petrol consumption 
u slAtecl to te 6'48 lb. pr B.H.P, hour and the corresponding 
ifwe im lubricating cal, 0*028 lb. Napier engines 

i»td tte teadon-I^TO air route are able to be run at half 
f ’’ pis H P.|, m adding greatly to the life of .the engine 

tod a v^mbl© ri®erve power. ^ 




PARTICULARS* OP REPRESENTATIVE BRITISH AERO ENGINES OF EACH TYPE. 
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♦ Lord Weir on ** Developments in Aircraft during the War/’ before N.E. Coast Inst, of Engineers and Shipbuilders, July, 1919. 
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IK. Catlaiettors.-- ilie fimc- 
!.* II cf a i.trlmrettor to 
tliv |it‘troi or other 
inri tlio air, m that an 
nil xt lire is formed 
■mfiitii iniii lx* admitted forth- 
with to the cylinder. It is 
|H#x^ihlc eitk'r to allow only a 
of the air to pass 
tliroiii^di the earburettor and 
to add additional air to 
t.k? mixture so as to bring it 
U) Ihe rc'cjiiirf^ projK)rtional 
ri)fii|M.)sition, or, on the other 
liaiiii,, the w'hole of the air may 
Im? passed through the carbur- 
elt-or, iSi3r.iie |'>etrol comes over in the form of a liquid spray, 
and air earryiiig such a spray is quite easily explosive. 

The ifitemiingliog ” is caused in one of two ways : (1) by 
I tlie jet mefliod {which is the most common), or (2) by the 
^ Wiiact rfapjatioii method. In the former the jet may he of 
litlier of the varieties shown in Figs. 78 and 79. In the former 

the air sucked 
through B, on the 
opening of the 
valve, causes petrol 
to rush up the pipe 
A, past the screw- 
adjusted inlet open- 
ing to a small hole 
on the conical seat- 
ing of the valve. 
The lift of the valve 
therefore not only 
admits air hut un- 
covers the small 
petrol hole up which 
aejet of petrol at 
ottc» squirts. Then 



Fm tdftmwttor mmkt Cfmmiber. 

J. I rtfcJ mM, B. O. Mcmt 

mkKh eUmm umdh B tlirougli tfce 
if vm^hm tl» Iwd 

IG 



Fig. 78. — A. Petrol inlet to Con- 
troller. J?. Inlet pipe to Engine. 
C, Iveedle valve to regulate flow of 
petrol. 
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the petrol, having so low a vaporizing point, at onoe turns 
into vapour and forms with the air an explosive mixture. 
The screw adjustment — or needle valve as it is called — allows 
the richness of the mixture to be adjusted. Pig. 79 show’s a 
better and more familiar way of doing the same thing. Air is 
sucked in past the nozzle of the jet P and out by the opening 
K. In rushing past the jet it sucks up a petrol spray, wliich 
evaporates as it mixes with the air. On the left of the figure 




f 'PRESSURE INLET 



Fig. 80. — ^Lanchester Surface Carburettor. 

is seen the float chamber for keeping the petrol level constant. 
It operates much as does a ball and cock feed to a water 
cistern. B is a needle valve which gets pushed down on to 
its seating by the levers D when the float C rises to the top. 
This stops more petrol coining in until the petrol-level sinks 
so much as to let the float down till the levers open the needle 
valve again, when more petrol flows in. The weight of* the 
float is so adjusted that the petrol-level is kept at just the 
right height. It is the custom to have the petrol standing 
just below the top of the jet, but it works even if standing 
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i;; .,!: Ii'Imiv the top of the jet. Evidence of this is seen in 
111 wiiiili tlie float chamber is sucked quite dry 
durif.i; the rimning of the engine ivlien the petrol inlet pipe 
A iiAs g('t choked up in some way. The prmciple of the wortog 
of the jet will be gone into later. An efficient type of a surface 
carhurettor m shown in Eig. 80, which iUustrates a carbnrettor 



Fis, SI*— eWbarfttor, in wiiich the op^ng to the extra air supply 
is controlled by the suetioa of the «gme, 

mmi oil » lAfichesi^r enprie. The priaciple of its^ working 
m cilifioM: from the dkgram. The air passing over a large 
|>tlitji«sc»ked sorfaea i^km up petrol vapour. 

All il» whiiFetteB d^rihed work b^t with a certain 
fak)itiiy tirf low oi Ite air. Wheiij howev^j the engine runs 
tmi « viiy skw air veloeitj changes accordingly 
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BO that the carburettor sometimes gets more air, and some- 
tiimes less, than it wants. If the flow of air be increased it 
is found that too much petrol is taken up, so it is customary 
to arrange for only part of the air to pass the jet and for the 
rest to be added to the mixture without passing the jet at all. 
It is best to arrange for this adjustment to be made auto- 
matically, and Pigs. 81 and 82 show how this can be done. 
The former shows the Krebs automatic carburettor. When, 
owing to in- 
crease of piston 
speed, the suc- 
tion on the 






air mcreases,. 
the leather dia- 
phragm 0 is 
sucked down 
against the 
weak spring P /^o 

and opens a ff o ^ 

valve at M so I ^ L 

that air can flow 
in and mingle 
with the air 
which has 

entered at G — ^Automatic Carburettor working in a generally 

T -f 7 similar way to the Krebs. The opening of the 

and naS passed valve M depends on the suction. 

the jet E- L is 

the throttle valve controlling the quantity of the mixture 
which is allowed to pass to the cylinder by the pipe K. 
Pig. 82 shows another way of doing the same thing. As the 
suction increases the extra air comes in through the valve 
M and joins at K the part which has come in over the jet P. 
There are many other ways, easily devised, of applying the 
same principle. 

Owing to the heat absorbed by the evaporation of the 
petrol it is usual to warm the entering air slightly. This 
is done by putting the air inlet pipe nozzle close up to one of 
the exhaust pipes so that the air in rushing past the hot pipe 
gets warmed shghtly. Of course the fact that the whole 
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. ! !Le laiTurctior nndvv tiie warm engine bonriefc helps to 
k‘X‘p tile from falling too low. 

Wlitii paialflii is used as a fuel much more heat is necessary.* 
153. Sp^ml Fomqs of Carburettor —There are a great number 
iT ^I'M^ial forms of carburettor, for which the mventors claim 
K‘iiiarkable advantages. Of these the best known, are the 
White arid Poppe, the Claudei-Hobson, and the Zenith, but 
ire many others in widespread use. Having regard 
to the great variations in the 
manner of working of these car- 
burettors, it is surprising that 
so many of them work so 
uniformly well. The White and 
Poppe is illustrated in Fig. 83. 
It is probably the most success- 
ful of them all in respect of fuel 
economy. It has no additional 
ah* inlet, and keeps the mixture 
correct by manipulating the jet 
and the air throttle. The jet 
is placed in the axis of a cylin- 
drical chamber across which the 
air flow is directed. This cham- 
ber is enclosed in a metal sleeve, 
and the whole has a circular air- 
way drilled through both sides. 
As the chamber is caused to 
rotate slightly, the air passage 
is restricted. This restriction is 
made also to affect the jet owing 
to the j^trol pMsage-way up the jet being drilled a little 
aeceilrically to tl» axs of the jet. A cap similarly drilled 
Sin mm tte jet, and as the jet-cap and the chamber rotate 
through an angle, the effective jet opening is decreased in 
lame proporticai as m the throttling of the airway. This 
pf^Mfen is obtak^d by the fact that in each case it is a 
siaiuf mm a cirefe, and that lx>th are fully opened and 
faif toother. Tte illiustratioii sho^s a double sleeve, 

♦ VM$ Far. 141. 



Fia. Interior oi Wtit^ and 
Cwrbwtltor. 
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th.e parts of wliicli can be sefc at a fixed relationship to one 
another as a means of adjustment. 

164. Heating Air Supply to Carburettor. — The yarious liquid 
fixols used in internal combustion engines require different 
ttLo-bhods of carhuration.* With light spirits hke petrol it is 
oxily necessary to warm the air which passes over the jet, 
bo jacket the carburettor with the warm water 'which 
cijrenlates through the radiator. But with a fuel hke paraffin 
ib is necessary to heat either the air or else the mixture very 
^considerably. The former is sometimes done by passing the 
a,ii? through tubes heated to a high temperature by the hot 
^^silxaust gases circulating around them. This hot air is then 
pstssed over the paraffin jet, and the paraffin is carried along 
p^irtly as spray and partly as vapour. This mixture is then 
boo hot to enter the cyhnder, and has to be cooled by mixture 
with, some cold air. But even so it has to enter the cylinder 
hob ter than is customary with petrol, and a less weighty charge 
is therefore employed which leads to something like 10 or 15 
pox* cent, less horse-power being developed. When paraffin 
is -uised the compression pressure needs to he lowered to about 
lb. per sq. in. instead of the figure of 80 lb. per sq. in., or 
axxore, which is usual for petrol (both gauge pressures). As was 
shethed in par. 135, paraffin is less homogeneous than petrol, 
a.xxci there is usually some carbon deposited ; the cylinders 
tttoxefore need more frequent cleaning. The presence of this 
cLojposit tends to induce pre-ignition, and for that reason the 
coxxipression ratio is kept low. 

X55. The Cottrell Paraffin Carburettor. — ^THs carburettor 
is illustrated diagrammaticaUy in Fig. 84. C is the pipe which 
xoceives the air and paraffin spray coming over from the jet in 
tlno carburettor marked H. When the fuel gets to the branch 
pip>e it divides right and left to either end of the vaporizer 
IVX. M is shown in section at the lower right-hand side of the 
fig-ore. It consists of a corrugated pipe which is surrounded 
by hot exhaust gases and conveys in its interior the air and 
p>o,xraffin mixture. This corrugated pipe has to be kept hot. 
Ixx starting the engine cold, provision is made for working on 
p>otirol for two or thr^ minutes and then, the pipes M having 

* See Par. 141. 
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. ! i.' : , till' is turned on. At B tliere passes a mixture 

f '..u, ,1 air and paraffin vapour. The air is much less in 
rll. ii than would ignite, so at F an adjustable inlet is 
tKi 4 to admit more air until the mixture is of the correct 
pr.,p< niuus. The purpose in not letting all tliis air in earlier 








s, View of VapounsfiT 
X Tube 


Fie* SI*' — CfettedGI Famffia Carburettor. Shown dragiummatically. 

tlml wilb a lew proportion of air the parafiS.ii particles get 
ire heated and the velocity of passage through 

^ vapririag tnte is slower. 

vafiatioii of this ttrangeiiieQ.t has been tried for use in 
I %mfm, wtereby mi only was pa^d through the star 
M,, itei a l^^ed pii^ to an ordinary jet cham- 
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sses a mixture 
much less in 
stable inlet is 
)f the correct 
air in earlier 



QaticaJly. 

irticles get 
^e through 

for use in 
I the star 
jet cham- 
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ber. This alternative 
arrangement has 
worked w^ell, but in 
temperate climates 
hardly seems so effec- 
tive as the unmodified 
type of carburettor. 

To begin with, the 
paraffin draws all its 
heat from the air 
which sweeps it along, 
instead of by actual 
rushing contact with 
the hot vaporizer 
tubes. Further, the 
mixture enters the w I 
cylinder much sooner 
after its creation than 
in the other arrange- 
ment, and it is evi- 
dently advantageous 
to allow time for the 
paraflSLn vapour and 
air to mix intimately 
with each other. A 
drop in horse-power 
in the engine must be 
expected of 10 to 15 
per cent, compared 
with the horse-power 
obtainable when using 
petrol. This loss is 
chiefly due to the 
higher temperature of 
the entering charge 
which for a given Pia. 85 .— Thomycroft Paraffin Carburettor, 
cylinder volume natur- 
ally reduces the weight admitted. There is also a loss owing 
to the necessary low^riog of the compression ratio and coii- 
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hm-ering of thermal efficiency. Ifc lias sometimes 
tb.niglit that this lowering of the compression is due 
fear uf the charge being pre-ignited through the low 
tem[)eratiire at which paraffin vapour and air ignite spon- 
tanwmdy ; but the real reason is that given in the previous 
paragraph. 

Them is a gain, however, in that the calorific value of paraffin 
jer gallon is about 10 per cent, higher than that for petrol ; 
also an advantage is found in the smaller consumption of 
lubricating oil owing to the lubricating properties of the 

I'araffin 

m The Tlaomycroft type of paraffin carburettor is illustrated 
ill Fig. Its manner of working is generally similar to that 
of tie Cottrell but the heating surface is less in proportion. 
It works veU in practice, and its mode of operation is as 

folh;>ws 

The ml is drawn into the vaporizer together with a certain 
amount of air by the suction of the engine ; this mixture is 
then passed through a tuhe which is kept dated to a fairly 
high teiQperature by the exhaust gases coming from the engine. 
This thoroughly vaporizes and intimately mixes the vaporized 
oil and air. The mixture is then passed through a spiral 
)^i€|mratcir, wMeh se|^rates any solid matter from the vapour, 
is mked with extra air as required to form an explosive mix- 
ture, and then pass^ through the throttle to the cylinders. 
In tie drawing, A is the inlet valve for both oil and air, the 
valve heimg under the action of spring B, which, normally keeps 
tl» valve clmed and the oil supply C shut off ; the oil enters 
by ho'iei in the seating. The mixture then passes along the 
annukr spaoe EE which is kept heated to a high temperature 
hy the exhaust flowing through the centre of this annular 
chamber m shown at F. The annular ■ chamber, it will be 
noticed, is with giUs Q to enable a maximum amolgnt of 
l»ftt to te supplied to the mixture. H illustrates the separator 
for remo'iii^ the solid pca-ticles from the mixture, and J the 
"" f xt-ra-aif inlet, under the control of the spring K. The 
of this spring and also of that governing the inlet of 
ll» mlxtune to vspori^r can varied by a screw and nut 
m thwi* Vbh adjwtm^t fe made when the engine-' is on -the 
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test-bed before the brake trials. The outlet from the vaporizer 
to the motor is by pipe L. There are numbers of other paraffin 
ca^rburettors, but the principle of operation is generally sirm-lg,- 
to those above described. 

157. Theory of Jet Carburettors.— If we consider a tube of 
flow in a jierfect fluid of constant density, the following relation- 
ship will hold between the pressure drop along the tube and 
tile velocity of the fluid 

w 

vvliere V 2 and V 1 are the velocities and P 2 and Pj the pressures 
tit. sections 1 and 2 of the stream tube, w is the density of the 
fliiiti and g the acceleration due to gravity. If the fluid at 
soebion 1 is at rest, this equation reduces to 

V2^_Px- P2 

2(j w 

I £ the fluid is a gas, w will alter with P, the form of the func- 
tional relationship depending on whether the flow takes place 
iidia/batically or isothermally. For small differences in pressure, 
however, w can be assumed to have a constant average value. 

This simple equation can be apphed to the flow of air through 
■fclio choke tube of a carburettor. The air before it enters the 
c*s,rburettor is at rest and at pressure P equal to the ordinary 
tibrnospheric pressure. Inside the choke tube, the pressure 
is less than atmospheric by an amount 6P. Then 

V 2 ,5P 

^=~ . . . . (1) 

where Vo=velocity of air inside choke. 

iaa=den8ity of air (assumed constant). 

>%ow consider the case of a simple jet delivering petrol into the 
ctirburettor choke ; the pressure drop in the petrol from the 
float chamber to the jet exit will be SP. Under the action of 
■fclils pressure drop, the petrol will assume a velocity Vj, given 
the equation 

V/_(?P 
2g Wp 

whtere tt)p=density 'of petrol. 


. (2) 
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i¥ equation (1) and (2) 





rivfii tliis equation it follows that 

Weight of air /^a 

Weight of }ietrol ^ 

aiifl iimee i#’^, is sensibly constant, the mixture ratio is pro- 
|H)rtioiml to the square root of the air density. This simple 
theory indicates that the mixture strength of a plain jet car- 
bwfttor should be constant for all engine (air) speeds pro- 
Tideci the cleiislt v of the a.ir remains constant. When however 
I Ilf patrol stands telow the top of the jet a certain air velocity 
is necessary tefore the liquid reaches the top, and until that 
iniuiieiit airives no petrol mixes with the air at all. If for 
iiistiince the |:)etrol has to rise through a vertical height h 
bidore spraying can tegin, equation (2) becomes 


Hence 


m 


V 2 SP 
^V+2gk_jv^ 


Y ^ 

^ a 








m that petrcd does not flow at all untO. 

V«>x/2 


Wn 


ami after that the mtio incre-ases with increase of V„. 

V 

<s 

If tl» value of g te doubled, V/ will be increased in the ratio 


2gk 


Mid thk trials 


If 4^ 


4 + 


eghw„ 


WaVg*— 2yAMi 


. ( 5 ) 
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It will be interesting to get some quantitative figures for 
tHis. What, for instance, will be the ratio if ^=0-04 feet (or 
i inch) and V„ is 5,000 ft. per minute (83-3 ft. per sec.) ? 

lr*etrol has a density of about 0-72 so that 1 cu. ft. will weigh 
0 - 72 x 62-3=45 lb. Whereas 1 cu. ft. of air weighs 0-075 lb. 
a-t atmospheric temperature and pressure. 

According, therefore, to equation (5) the square of the ratio 
of the two petrol velocities will be 

. , 6X32-2X0-04 

~^0-075 

(64-4X0-04) 

45 


=4-f-. 


7-72 


V 2 

^ a 

' 6 () 0 " 


-2*57 


critical velocity is clearly 

2(/h ^^=\/ 2 X 32-2 X 0-04 X 600=-Y/^1650=39-3ft./sec. 

Wa 

■ 2,360 ft, per min. Until, therefore, the air had this velocity 

no petrol would be carried along. If the equation 

60 

(15) becomes 


4+ 


7-72 


ll*6-~-2-57 


=4+ 


7-72 

9^ ' 


=4*86 


So that when air velocity increases from 5,000 to 10,000 ft. per 
riim. the petrol velocity is 2-2 times as much and the mixture 
t^lierefore 1*1 times as rich or 10 per cent, richer. When a 
c3ii»rburettor is taken into an atmosphere of lower density (as 
when fitted to an aircraft) it will, as above indicated, show 
m rapid increase in mixture strength as the density diminishes. 
Jf not corrected for, this would lead to a great waste of fuel, 
since the excess of petrol over and above a certain propor- 
tion does not give an increase in power. Carburettors to 
work at altitude have therefore to be provided with some 
device for weakening the mixture progressively as the aircraft 
ascends. This device is usually hand adjusted by the pilot. 
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i:-,. li .it -ivi Icvfl. iiowover. the mixture strength of a simple 
, • i ubti!.,!i..r will not reiiiaiii constant at all air velocities 
CM !, if iherc i- no lift at the jet. The simple equations 
uiviii vr.oionHy tlni.s do not give the whole of the facts. 
hi'’e.ui ol equation (i) 

-!/ «'p 

It i> more accurate to write 


wfieie I' I i" !a4 nc^eessarily unity, 
or 

wliert^ weight of petrol flischarged per second and 
I is a ci^inplkated factor depeiuling on (1) depression in 
choke tiik\ (2) tein}>eiature (viscosity and density of fuel), 
13) of fuel passage (whether chamfered or sharp edged), 

(4) iliaiiieter of fuel passage D, (5) ratio of length to diameter 
of fuel |>assage L/,D and (6) type of air flow (nature of pulsa- 
lioiis), CJeiienilly s|X^aking, L\ is found to increase with 
1). I) 'L and tem|>tuutuic. For sharp edged orifices in thin 
pLites. 1% is practically independent of temperature. The 
tiTviihlesoiiie variation of 1% with 5P (especially for small 
iiiliie of cIP) is lirought out in the following tables showing the 
result of eertairi tests with vrater on a submerged orifice 
(f).— for tw’o values of L/D. 

L 


-t. 

*75 

•63 

•52 

•44 


Up 

24" ■ 

12* 

r 

¥ 



‘95 

•93 

•87 

•83 

^ *80 

UP 

24" 

12* 

4^ 

r 



For very siiiiill loads, the petrol level in the jet becomes ex- 
tR-airfy iiiijM^rtant, the jet only start-ing to deliver when this 
negative lead is overcome. The extreme importance of air 
|Hiiiiat.M>Ti on eafbufettor characteristics, is brought out in the 
tabte. The same carburettor was t^ted first on a 
«igiiie (v^ variable suck) and then on a 
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blower liaving a steady suck. I'lic blower was adjusted to 
pass the same wcdglit of air as tlio engine for tlie same throttle 
position, the engines bedng motored round at constant speed. 


W'fijriit. (»f 
air pHSHing 
|)<*r 
in 

KnjLi:inf> I 

)ru\vin^ 

ninvvot 

Druwinf^ 

(iiimii) in 
lb, pnr 

Hf{. in. 

liniio 
Air/U(5i rol 

I)(’[>msHinn 

(lIKMUl) ill lb. 

pnr H(]. in. 

Ibil.io 

Air/ Ctitrol 


•27 

12-4 

•07 

IS-O 

29 

•40 

14-2 

•09 

iH-r> 

2S 

•70 

J50 

•15 

19-() 

20 

MO 

IfiO 

•25 

19*5 

IS 

1-70 

20-() 

•70 

20-0 

I 1 

:m)0 

2r>'() 

1-00 

24-0 

10 

i 

4*10 

I 

:!()•() 

2'50 

. 20-0 

liscontiniu 

:>UH enginci 

suck, the instantaneous veldci- 


ties in the choke tube are nuicdi greater than in the case of the 
stea<Iy blower suck. During the delivery period in the engine, 
therefore, the? jet works with a greater value than on the 
blower. Morciover, tlie inertia of the fuel will cause a flow of 
petrol even after the inlet valve of the engine has shut. For 
both rcaHoiis, therefore, the mixture strength in tlie engine is 
greater. The inertia effects are espc^cjially noticeable wlien an 
ongino is accelerating quickly by a sudden opening of the 
throttle ; the fuel then tends to lag behind and there is a 
danger of the engine failing owing to the mixture becoming too 
weak. 

158* Ignition.— The oldest form of ignition was to ignite the 
explosive mixture by a naked flame, which was put into com- 
munication witii the cylinder through the medium of a sort of 
slide valve. Those interested in the history of the subject 
will find a full account in Dugald Clerk’s book. 

A later and more successful form was Tube ignition, which 
consisted in having a short vertical tube, in communication 
with the cylinder end, heated externally by some means. 
After the engine had been running a short while the lamp could 
bo removed (or the gas jet turned out) and the heat of explosion 
was enough to keep the temperature up to the requisite point. 
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l! m illustrated in Fig. SO. The explosive charge was com- 
the inward movement of the piston, and a part of 
i! p:L<>eil into the Ignition tube, the temperature of v^hich 
!lie temperature of the gas to the ignition point. This 
tv|ie of ignition was very largely used for gas engines, but it 
ii iMiw^ iiniversally displaced by some form of electric ignition. 
It w’as also the first method employed on motor cars, for 
wliicii um it wm found to be unsuitable. It is still in use 
wiili some oil engines. 

Anotlier metliod of ignition often used with oil engines is to 
feed the fuel into a hot combustion chamber connected to the 
eyliniler. This method has already been described in par. 
146. It works well, and even residual oils can be vaporized 
and ignited in this way. The method employed on the Diesel 
engine is of this type. 

150. The dhief method of ignition is the electric, and it bids 




Smsi 





/gnkhn tube ( Olay ) 
Asbestos Mil/board Liner 

— Gas Burner 

To Cylindei 


Fiq, S§, — ^Igoilioa Tul^ and Timing Valv©. 


fair to supersede aU the others for gas and petrol engines, 
M%u M often used in oil engines. 

Etotric ignition can be carri^i ont by either fl) hieh- 
cmwnte or (2) tow-tetmon currrats 
The i%h-tenaon currents may be obtained in one of three 
: either (1) by batteries or cells furnishing current to an 
ind^wn or p) by a small magneto-electric machine 
{called magneto ’ lor short) furnishing currents to an indue- 
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tion coil, or (3) by a magneto furnishing high-tension currents 
direct to the sparking plug. The low-tension currents are pro- 
duced from a low- tension magneto. There are therefore many 
varieties of electric ignition and they may conveniently be set 
out thus — 


Electric Ignition 

1 

1 

High tension 



1 

Low tension 
1 

1 * 

Batteries or cells 

1 

Magneto with 

1 

High-tension 

1 

Low-tension 

with induction 

induction coil 

magneto 

magneto 

coil 



1 

(3) 

(4) 

(5) 

1 

Coils fitted with 

1 

Coils fitted with 




tremblers fixed “ make-and-break ” 


( 1 ) ( 2 ) 

The oldest is (1) and it is still seen fitted to some petrol 
engines, although (2) is more common; (3) is relatively rare 
but was seen in the early Eisemann system ; (5) is common 
practice for engines whose speed is below 300r.p.m. Method 
(4) is growing in popularity, and it has the advantage of 
being simpler to apply to the engine than (5). 

Before describing methods (1), (2) or (3) it will be necessary 
to say something about the induction coil. To those versed 
in electrical matters it is enough to describe it as a transformer 
having a straight iron core and a high ratio of transformation. 

160. Induction Coil. — ^The induction coil consists of a soft 
iron core generally consisting of a bundle of straight iron wires, 
and on it is wrapped a layer or two of thick insulated copper 
conducting wire of the primary — or low-tension — circuit. 
Over this are woimd many thousand turns of fine insulated 
copper wire constituting the secondary — or high-tension — 
circuit. About 4 volts are applied to the primary circuit and 
the current repeatedly broken and remade by means of the 
magnetism of the iron core attracting a small piece of iron 
mounted on a spring which carries the current. As the spring 
is attracted inwards it loses contact with a platinum point 
and so breaks the current. (To make the break the more 
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it 1- a-iiai to put a condenser in parallel in the circuit.) 
Tia> ^whivn ri-e and fall of current in the primary causes 
-^-aiLitory tniiTeiits in tlie secondary of a voltage which is 
■hi^Lcr tliaii that in tlie primary in the ratio of the number of 
i^vik of m ire in one to the number in the other. Owing to the 
eifrrt of the magnetism in the iron core the current in the 
prifsoiiy ilics not rise suddenly to its full value. It follows 
IB fav.'l file law 

■=R (‘-' 0 

V Im'I« 

I = current in amperes, 

V :™ voltage in volts. 

II resistance in ohms. 

L - " self-induction in henries. 

I time in seconds. 

€ : ~ !>ase of Naperian logarithms or 2*7183. 

The iiiiif of <i‘lf-induetion is the henry. If S be the rate at 
wlii ii the changes in amperes per second, the back 

eiectroiiiotive force produced = L X S. One henry is also 
deliiied to be the self-induction of a coil in which, if the current 
iiicrease at t he rate of one ampere per second, the back E.M.F, 
produced is exactly one volt. 

As an illustration of the effect of the above law of rise of the 
ciirrent, t-ake the ease of a coil in which R = 500 ; L = 5-5 
‘iiifl \ =r 50,000. Then the final and steady value of the 
50 000 

current is clearly — or 100 amperes. This current grows 

up from zero and it is of interest to calculate how long it will 
Ik* Ix'fore IM.> iun|>e.’es is the current flowing. 

90=100^1— 

I 

« r-e«nz=i_o.9_o.jQ 

so that about second. 

ciwnt therefore rises by no means instantaneously 
aaa Has leads to the “ make ” of the primary current, pro- 
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ducing a much less vigorous spark in the secondary than does 
Lhe break.” The break is almost instantaneous ; the only 
t>hing that tends to prevent it being so, is the energy of rush 
of the primary current which jumps over the gap in its earlier 
stages. The energy stored up in the flowing current is equal 
'iLP, and it is to provide a convenient swamp to absorb 
■Lhis suddenly released energy that the condenser is provided. 

161. High-Ten- 
sion Coil Ignition. 

— ^The induction 
coil is supplied 
with a low-ten- 
sion current ob- 
tained from either 
l)atteriea, accumu- 
lator cells or a 
suitable magneto. 

In any case the 
principle of work- 
ing is the same. 

The spark gap (see 
Pig. 90) is placed 
in the cylinder as 
shown in Figs. 87, 

88, 89, and 91. A 
rotating contact 
kept at a speed 
proportional to 
that of the engine 
and called a dis- 
tributor distri- 
butes the current 
to each cylinder Just as it is needed. What happens therefore 
is this. The trembling blade on the coil— called the trembler 
— vibrates very rapidly and produces a shower of sparks in 
the secondary (one spark corresponding to each break of cur- 
rent in the primary). During each contact about a dozen 
sparks or more mjp^y pass. One good spark would be enough 
and therefore a modification of this method is sometimes cm- 



Fig. 87. — Diagram showing mode of working of 
high-tension ignition with coil and accumu- 
lator. A, Accumulator. B, Induction coil. 
O, Contact breaker. D, Trembler, B, Com- 
mutator on end of cam shaft, for closing 
circuit at right moment by bringing metal seg- 
ment F against the brush 0. H, Condenser, 
to make break of current sudden. J, Igni- 
tion plug in cylinder. The other end of the 
secondary winding is earthed. 


I 
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s : •., ! Ic-h .cl ,.f a trciiii.kT actuated liy the niagiietisro of 
; i. . ,.s the cuii. the current in the primary circuit is 



--roa mi4 ■dmmmilator Ignition, for a four-cylinder engine, with 
for each evlintier. A, Accumulator. B, Coils each with 
ito and contact maker. ^ E, Commutator for distributing 

fuTr»'nt to th# vanous cylinders at the right moment. J, sparking plugs. 

niMle and 'lirokeii by tlia action of tbe engine. A mechanical 
.niike'^arid-break ii kited to the half-speed shaft of the engine 



Fis. m nrrmgmmi thown in Fig. 97, except that one trembler 

mm-m all the mih. Tim mvm having to adjust each trembler until 
•II .i» waking at sam© fr^uency. C m the common contact maker, 
N mm for cutting out eoik when nece^ary, 

m m to pywiiKN* ooe spark only in the cylinder. It is possible 
to ring the changes on this form of ignition so as to produce a 
pmt many varklks, although the differences between them 
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are hardly fundamental. Illus- 
trations, reproduced from Mr. 

Strickland’s useful book, are 
shown of several such methods 
(see 87, 88, 89, and 91), and the 
letterpress at the foot of each 
will suffice to show their differ- 
ences. 

162. The Lodge (Sir Oliver 
Lodge) system of ignition is just 
the ordinary coil and accumulator 
ignition in which the high-tension 
current instead of being passed 
direct to the sparking plugs is 
made to charge up the inner 
coatings of two Leyden jars. 

When the jars are ‘‘full” an 
external spark gap placed in 
parallel with the jars breaks 
down and a spark passes. This 
sudden release of the electric 
charges on the inner coats of the Leyden jar causes such a 
rush of current from the outer coating of one Leyden jar to 

the other, and such a 
violent oscillation to and 
fro of the current after- 
wards that nothing will 
stand in its path. It 
breaks through oil films, 
soot, deposit of all kinds, 
water or anything else 
that there may be on 
the ignition points ; ow- 
ing to its high frequency 
it also tends to take 
straight direct courses, 
and there is httle dis- 
position on its part to 
seek any short circuit 



Fia. 91. — ^The arrangement of Figs. 88 
and 89, except that the secondary- 
current is distributed directly, so 
enabling only one coil to he used for 
all four oyHnders. The disadvan- 
tage is that the insulation is more 
difficult to ensure. 



Fig. 90. — High Tension Spark- 
ing Plug. A, Metal/ Rod ; 
JB, Porcelain Insulating 
Sleeve ,* O, Gland ; D, Body 
of Plug screwing into cylin- 
der; S, Sparking Points ; 
jP, Electric Wires from 
H.T. Magneto or Coil. 
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a !iaiuuu> kiiiil whifli may liappeii to be in exist- 


Pi '^liows diairramniatieally the arrangements of the 



high-tension circuit. The 
low-tension circuit is of the 
customary form, except that 
the trembler shown in Fig. 
93 is of an extra sensitive 
form. The distributor is 
placed in the high-tension 
circuit. The makers of this 
ignition system claim that 
owing to the adjustments 
made no possible error in 
the time of firing can arise 
which exceeds 

of a second. Also that in 
virtue of the nature of the 
spark the system is par- 
ticularly suitable for use 
when the fuel used is one of 


-T(.. Lc,lge Ignition System. 

of ILT. circuits, or paraffin or other heavy 

oil which may cause carbon- 

am>iis deposit on the ignition plugs. 

1^* M^neto ipntion may be either high tension or low 
Xo coil is used and no batteries or cells are wanted. 

The 1 o %v - 1 e 11 s i 0 n 


metficd proec-ttis on the 
principle that when a 
c iirreiit is tlowing it 
has energr of motion 
equal to |LI^ (analog- 
ous to Mnetie energy, 
and that if L, 
th© »lf4niiuetioa, is 


Set Screw 



RitbSer S tap 


Fig. 9S. — Lodge Sensitive Trembler. 


mad* very great and I, the current, as great as con- 
*— the energy stored up is so considerable that a 
oc fat ' spark ^ caused to occiur when the 
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circuit is suddenly broken. A low-tension magneto, or 
electric generator, is designed so as to cause such a current to 
be passing at the moment when ignition is desired to occur 
and, at the same instant, the circuit is mechanically broken 
in the cylinder and a spark passes. Eig. 94 shows diagram- 
matically the wiring for this system and the sparking plug 
used. A larger view of such a plug is seen in Fig. 95. A 
disadvantage of this system is the introduction of moving 

tappets into the cylinder, and the 
necessary provision of means for 
operating them from outside. 

164. The High-Tension Magneto. — 
In this machine the current is generated 
by a shuttle armature which rotates 
between the poles of strong steel mag- 
nets. The rotation of this armature 

I ; in the strong magnetic field results in 

I the induction in its winding of an 

electrical current which is utilized 
*7“ J|; for the purpose of ignition. The 

^ i ^ armature is wound in two parts, of 

which one is a primary winding, 
consisting of a few turns of heavy 
wire, and the other a secondary wind- 


Fig. 94. — Low - Tension 
Magneto Ignition. X 
and F, magneto 
machine shown dia- 
grammatically. A, 
Spark plug. <7, Contact 
point where circuit is 
closed and broken. 
Lever worked by rod 
running on cam B, E, 
Cam on half-time shaft. 
At the moment when 
the magneto is passing 
its maximum current 
around the circuit, the 
cam caxises the circuit 
to be broken at O, so 
producing a spark at 
that point. 





Fig. 96. — ^Typical Low-Tension Magneto 
Spark Plug. It will be noticed that this 
system of ignition requires moving con- 
tacts in the cylinder, which the high- 
tension system does not. 
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Fia. IM. —Outside view of BosehH.T. 
MftgiKt-o* (A low-tension mag- 
neto ii o! genemlly similar 

iliape„| 

rent which may be produced 
in this gap is, of coui^, of no 
TalTe or bye-pass* 


of fine wire. The effect is 
given off by the armature, 
as the design practically 
amounts to the inclusion in 
the armature of the windings 
of an induction coil. An 
outside view of this magneto 
is shown in Fig. 96, and its 
manner of working is shown 
in Fig. 97. 

This system has the advan- 
tage that no moving parts 
need to be introduced into 
the cylinder in order to pro- 
duce a spark. The voltage 
is so high that a safety 
valve ” spark-gap is usually 
fitted in parallel near the 
magneto in order to allow 
any unduly high voltage cur- 
to pass across it. The spark 
use except to act as a safety 
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165. Dual Ignition. — In a later form of high-tension magneto 
ignition, an accumulator and coil is added. The coil does its 
own making-and-breaking, but the distributor and the sparking 
plugs are common to both systems. In normal running the 
magneto is switched on ; but when starting the Coil is used. 
It is easy to tell which is in use, as the coil makes a buzzing 
noise. This system has become popular since the accuracy 
of manufacture of petrol engines has risen to such a high pitch. 
The fit of the piston, piston rings and valves is now so good 
that any compressed gas there may be in the engine on stop- 
ping will stay compressed for some hours and in most cases 
the engine will start from rest by merely switching on the 
coil ignition, so saving the labour of turning the engine round 
by the starting handle. This system was specially adapted for 
the petrol engines used on motor cars, but is giving place to 
the self-starter motor. 

For gas engines, large or small, the ordinary high-tension or 
low-tension magneto is employed. Sometimes the ignition 
occurs at one fixed point in the stroke and sometimes it can 
be varied by hand or by the action of a governor. Some 
engines have two high-tension plugs in series so as to ignite 
the gas from more than one point and so produce a more rapid 
explosion. The ignition plug should never be put at the end 
of a recess or else a pressure wave may be produced which 
will cause detonation and possibly break the cylinder bolts 
and so lead to a bad accident. 

166. Timing of Ignition. — One of the most careful adjust- 
ments of the ignition is its timing. That is to say, the regu- 
lation of the moment of sparking in the cylinder. If the spark 
is late the piston will have moved part of its outward journey, 
with the consequence that the effective working stroke is 
lessened and the mean pressure is lower than it need be. If 
the spark is too early, so that the gases are stUl being com- 
pressed when the spark comes, there is a knock in the 
cylinder when the explosion occurs. Normally the spark 
should occur just as the piston is at the top of its stroke, 
although since ignition takes a fraction of a second to spread 
throughout the mass of the gas it is necessary when the engine 
is running fast to 'time the spark to occur a little before the 
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iliMil iviitm so that maximum pressure is reached when the 
pi-toii is Just k^ginniiig its stroke. Engine speed is, how- 
tw'cr. not the only consideration affecting the timing ; when 
riinrong miili weak mixtures the ignition takes longer than 
with rieh mixtures so that to use a weak mixture it is necessary 
to ^ ' advaiiee the spark, i.e. make it occur earlier. It follows, 
theiiTore, that in the ordinary running of a car the ignition 
Inquires as iimch attention as the throttle, if the engine is 
to work at highest efficiency. An additional complication 
ariMos when coils having tremblers are used with batteries 
or telh, as the speed of trembling being naturally in- 
dt‘f»cuident of the sj>eed of the engine, it follows that at high 
CBgifie speixis the sparking in the cylinder is apt to be 
somewhat erratic, sometimes coming early and sometimes 
late. 

In a pa|)er read by W. Watson before the Eoyal Automobile 
Club an interesting account w^as given of certain experiments 
undertaken to ascertain the character of the spark in relation 
to power. The engine used w’as a t\¥ 0 -cylinder one, 3-5 in. 
> 4 in,, with mechanically operated valves. The sparking 
plug was screwed into the cap used to close the hole over 
the inlet valve, the spark points being wrell inside a recess in 
this cap. The whole of the experiments were made on one 
cylinder only, the other being operated with a trembler coil 
and battery. The speed was 950/1,000 revolutions per 
minute. It has often been claimed that a “ fat ” spark 
improves the running, and that this was due either to quicker 
ignition of the charge or to more regular firing. Experiments 
with a trembler coil showed that although the weakening of the 
cummt was found to reduce the mean pressure, yet this could 
Im youghi back to Us origiml value by advancing the spark. 
The result of this series of experiments was to lead Watson 
to the following conclusions — 

1 . As far as a petrol engine of the type used is concerned, the 
character of the spark which ignites the charge has no appre- 
ckble iiiff^nce on the power developed. 

i. ith a trembler coil the time at which the spark occurs is 
Mmhh to vary greatly, and on this account the power developed 
TOatidOTfeblj reduced. 




m 
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3. The variation in the time of firing obtained with trembler 
coils is different for different coils, and hence a multi-cylinder 
engine in which a separate coil is used for each cylinder is 
unlikely to develop its maximum power, particularly at high 
speeds ; the reason being that although the tremblers of the 
coils may possibly be adjusted, for some particular voltage, so 
that each cylinder fires at the same point of the stroke, yet 
this adjustment will no longer be true if the voltage of the 
battery alters, particularly if it falls much below the value 
for which the tremblers were adjusted. 

4. When a single coil is used in combination with a high- 
tension distributor, it is of very great importance that the 
current in the primary should never be allowed to fall to a 
value near the critical value for the particular coil. In this 
connexion it may be mentioned that, in Watson’s experi- 
ence, when the trembler is so adjusted for any given voltage 
of the battery, i.e. for a given current, that the note produced 
is very clear and pure,” then a very slight decrease in current, 
due to a small fall in the voltage of the battery, will cause the 
timing to be defective, owing to the region of the critical 
current being approached. Hence, with the normal cxirrent 
passing—i.e. with the battery fully charged— it is advisable 
to adjust the trembler so as to give a somewhat harsh and 
shrill sound, for then the current may he considerably reduced 
before the critical value is reached. 

5. When selecting a coil, regularity in the working of the 
trembler for considerable variation in the current passing 
in the primary is of more importance than length or fatness 
of spark. Further, a coil taking a small current is to be 
preferred to one taking a large current, since trouble with 
the adjustment of the trembler blade will be decreased, owing 
to the reduced sparking at the platinum points with a small 
current. 

6. Except for the fact that the engine cannot be started on 
the switch, the plain coil with a rapid break on the two-to-one 
shaft seems preferable to a trembler coil, since over a very 
large range of current— in fact, whenever the current is large 
enough to cause the passage of a spark in the cylinder — ^the 
timing is exactly the same. The advantage of the trembler 
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mi^ht k> ret;tir.o<l bv using a switch, so that after the engine 
is st,,ri,d tlie trembler can be cut out, allowing the coil to 

act as a plain coil, a second condenser being provided. 

The two dia- 


id iS S plelii,*. 

The tw^o dia- 
grams shown in 
Fig. 98, obtained 
Hj by Watson, illus- 

^ trate the advan- 

JT tage, so far as 

^/L economy is con- 

cerned, of advanc- 

r — ..J o ing the spark more 

than usual when 
employing a very 
' weak mixture — 

® that is, when driv- 

^ extra 

^ ^ air valve as far 

^ possible. 

^ ^ lower figure is 

liG, 9y.~ Indicator Canis obtained by i . . ? t 

Watson. that obtained when 

the spark is as 

much adTanct^cl as is advisable when using a full mixture. In 
tlie upper figure the' sjmrk has been considerably further 
iwiv.an.€«l, SC) as to allow for the slow burning of a weak mix- 
tu.K^ and as a result the I.H.P. showed an increase of nearly 
17 {i^^r cent., the consumption of petrol remaining the same, 
IWa. Mmii^ (M Engines. — large number of ocean-going 
ships are bow equip|x^d with internal combustion engines using 
oil fiiei Most of these engines W’ork on the Diesel principle. 
8liire more than 90 i>6r cent, of ships afloat have machinery 
of less than 5, StXiLH.P., the application of the internal noni- 
biistioii engine is not hindered by the need for very large 
pomern. For example, the '^Bibby’’ liner Somm’setshire, of 
12, tons, and designed for 11 knots, has a total power of 
4JMI divIfJcHl tetween two 6-cylinder engines — 740 

iiifin clianieltr Mid 1,150 mm. stroke. 

One tlioiisand H.P. |M^r cylinder has been obtained from a 
V«tai iiiifte-cylinder Iwoitroke ^ngm©^ of 30 ins. diameter 


Fig. 98. ■—Indicator Canis obtained by 
Watson. 
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a^xid 36 ins. stroke. This on test gave 1,042 B.H.P. at 141 
It was of the Diesel crosshead type and the fnel 
oonsumi)tion was given as 0*40 lb. per B.H.P. hour. 

Apart from any special effort such as this the H.P. per 
oylinder has risen f from the year 1912, when it was 100 B.H.P., 
t>o over 300 B.H.P, 

EXAMPLES 

1. An oil engine uses 0*8 lb. of korosono per actual H.P. -hour ; one 

p>ound of koroseno gives out 12,000 C.H.XJ. in combustion. What is 
■fclie efficiency of the engine ? [B. of B., 1911.] 

2. In the test of an oil engine the analysis of the exhaust gases by 
v'olume gave i C02=6*8 per cent, ; O—ll-l per cent. ; ]Sr=82-l 
pier cent. The oil analysis was H=15 per cent. ; C==85 per cent. 
]E^ind the excess air and the total mass of products per lb. of oil. 

3. What weight of O is reqxiirod for the comx>lcto combustion of 46 
g^rams of alcohol (CaHgO) ? What weight of COg will be formed, and 
what weight of water H 

4. The following data are taken from the tost of an oil engine j— 

I.H.P. = 65. 

Oil used per liour=-45 lb. 

Calorific value of oil=- 19,500 B.Th.XJ.’s per lb. 

lb. of air per lb. of oil™ 70. 

Jacket cooling water in lb. per min. =08. 

Temperatxire of cooling water, inlet=62® F. 

Temperature of cooling water, outlot=138® F. 

Temperature of exlmust gases =430® F. 

Temperature of engine room=70® F. 

Specific heat of exhaust gases =0-24. 

X>raw up a table showing, as percentages, how the total heat of com- 
t>"OBtion is distributed. 

5. In one pound of petrol there is 0*846 lb. of carbon and 0T54 lb. of 

Imydrogen. What is the calorific value of petrol per lb. given that the 
ealorific value of carbon is 8,130 C.H.XJ. per lb. and of H 29,100 C.H.XJ. 
jp^er lb ? What weight of 0 is required for complete combustion of 1 lb. 
o£ petrol 7 [B. of F., 1910.] 

6. Tlie area of a petrol engine diagram (using the planimeter which 
siaiTbtractB and adds properly) is 4*12 sq. inches, and its length (parallel 

the atmospheric line) is 3*85 in. ; what is the average breadth of the 
f i gure ? If 1 in. pressure represents 70 lb. per sq. inch, what is the 
xioioan effective pressure ? Die piston is 3*5 in. in diameter with a 


* J. McKechnie at l.C.E., July, 1921. 
t J. Richardson at I.C.E., July, 1921. 
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,! r. ke of 4 in. What k the work done in one cycle ? If there are 800 
. ., '.Vi t»'r minute, wiiat is the horse-power ? 

■ 7 A i>-trol eiiRinc working on the Otto cycle has a cylinder 4 in. 
a>«i« tcr and length of stroke is 4 in. The compression space is i 
V* I {line. Assuming the brake thermal efficiency^ to be 20 per cent-, 
tind tlsc niaximum power which the engine could give, running at 1,000 
r.p.m. if at tiio end of each suction stroke the whole cylinder were fiUed 
wills an explosive mixture of petrol vapour and air, having a mean 
calorihe of 57 C.H.IT. per cu. ft. 

R. A 4-€jlindcT petrol motor develops 60 B.H.P. at 1,500 r.p.m. 
What is the mmn turning effect exerted on the crai^ shaft 1 and what 
niisst the ratio of the gearing between the engine and the driving 
&\h\ m that the ear speed is 40 m.p.h. ? Assuming that the internal 
of the car machineiy is 20 per cent, of the power developed, 
nhai IS the total external resistance against which the car is driven ? 
Dkineter of the rear road wheels is 32 ins. [B. of E., 1913.] 

f. In a Dicwl engine tlie compression ratio is 15*3 and the expansion 
imtio 7 5. The indicator cards give a nett I.H.P. of 201 and the oil 
cc®sii.iii|>tioii was 67 lb. hour, of calorific value 19,300 B.Th.XJ. per 
Ib. Ciileulate the ratio of the actual thermal efficiency to the thermal 
€*ffi€’i€?’iiC’y of an ideal engine, receiving heat at constant pressure and 
rejfetkig it at constant volume, the compression and expansion being 
adiabatic and y = T4.* 

HI In a motor cycle of 3 I.H.P. the mass of petrol used during a 
4 licvurs’ run at full speed is 8 lb. The highest temperature in the 
engine cyliiwItT is 2,000^ F. and air is drawn in at 60° F. Find the 
tiicniial efficieney and compare it with that theoretically possible. 
The ciiloritie value of petrol is 18,600 B.Th.XJ. per lb. 

11. The Gmtm petrol engine develops 60 B.H.P. at 1,200 r.p.m. 
Tliere are 7 cylinders each of bore 110 mm. The stroke is 120 mm. 
and emh ej'linder Bum one© in two revolutions. Find the average 
brake mean pressure ftjP). 

12. Air fiows through an orifice from a r^rvoir in which the pres- 

msm m P lb. per sq. foot, and temperature T into a region of lower 
pim^ure, ht^t beii^ neither received nor rejected during the operation. 
Obtain an mptmmm for the maximum discharge in lb. per sec. in 
term* of P, T, ti» effective area of the orifice and the ratio of the 
specific htmts. [Mech. Sc. Tripos, 1904.] 


* Cf, Ex. 32, on p. 46. 
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Petrol Engine Efficiency and Rating 

E j'FicrEKOY Tmsts xjndbr VABiorrs Conditions — Ecteop oi? Czlin- 

KEB DlMErerONS ON PoWB?l AND lOPFIOIENDy — O tEIIATION OF 

Two Stroke Enqine — Composit.on oe Exhaust Gaski as 

BELATED TO EmTOIENOY — M oTOIl VlSIIIOI.E TeSTS — R iCABDO 

IjAb oratory— Los j of Power in Aero ENOtNE-i at Altitude. 

167. Efiaciencx Tests on Petrol Motors. — Some of the most 
searching tests that have been carried out on petrol motors 
have been those undertaken in tho Engineering Laboratory at 
Cambridge under Professor Hopkinson. 

In one set of such tests * the engine used was a 16/20 H.I^. 
Daimler four-cylinder engine capable of running at 260 to 
1,400 revs, per min. Other particulars were — 

Total volume of one cylinder with 

piston on out centre . .0-04 cu. ft. 

Volume of compression space . 0-0104 cu. ft. 

Compression ratio . . . 3-86 

Diameter of cylinder , . 3-56 inches = 90 mm. 

Length of stroke . . . 6-11 inches = 130 mm. 

The indicator used was a reflecting one of the piston type. 

The tests involved three sets of measurements — (1) engine 
losses, (2) B.H.P., and (3) fuel consumption. From (1) and 
(2) the I.H.P. could be obtained, and therefore the mechanical 
efficiency. The tests were run with the carburettor as fitted 
by the engine builders, and it must not therefore be taken that 
the engine was of necessity adjusted to give maximum power 
or efficiency. 

• Engineering, Eebraary 8, 1907, 
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The resiilfj^ of the tests arc shown in Fig. 99 in which curves 
are L^rcn for t!ie the mean effective pressure 

ami the torque on the crankshaft. The mechanical efficiency 
varied from S5 to 75 per cent. — falling slowly as the speed 
exceeded 6CK) revs, per min. The petrol used had a thermal 
eftieiencT on the lower scale of 17,000 B.Th.U. per lb., and 
on this basis the following table of thermal efficiencies was 
calculated— 


Speed 

Tetfol Coniamption (Pounds) 

Thermal Efficiency 

BeTs. per 

Per I.H.P. 

Per B.H.P. 

Per 1,000 

On 

On 

Miriato 

Hour 

Hour 

Revs. 

I.H.P. 

B.H.P. 

4m 

0-7S 

04 

0-30 

18-6 

16-1 

4(K> 

0-75 

0*87 

048 

19-3 

164 

m ^ 

0'C85 

0-81 

0*26 

21 

17*9 

mo ' 

0-655 

0-77 

0-24 

22 

18-8 

gm i 

— 

— 

044 

— 

— 

hm \ 

0-6 

0-75 

042 

244 

194 

i 

041 

0-75 

0406 

244 

19-3 

ijm ! 

0'59 1 

0-785 

0402 

24-6 

18-4 

h2n ; 

{045) 1 

044 

042 

(22-3) 

15-4 


Note. — At speeds 400, 600, and 1,000, two tests are given to show 
the range of variation. At 1,225 the indicated horse-power is uncer- 
tain, as no direct measurement of loss was naade at tliat speed. 

The thermal efficiency rose considerably with increase of 
speed — due no doubt in part to there being less time for the 
explosive mixture to cool, but in view of the variability of the 
composition of mixture passed by the carburettor (of the usual 
jet t 3 ?pe) it is not safe to huOd too much on these measurements. 
An interesting measurement in addition to the above was that 
fi the prmsure in the induction pipe. With the throttle wide 
open and a speed of 1,000 r.p.m. this pressure was about IJ 
Ib./m.* below atmc»pheric pressure. With the speed reduced 
to 400 r.p.m. this pressure was less than J Ib./in.® below atmo- 
sphere. The mean effective pressure (P) in the cylinder was 
at its matimum value of 88 lb. per sq. inch when the speed 
was (»0 r.p.m. ; at this point the mechanical efficiency ( 17 ) 
was 85 per cent., so that the product rjP was 75 .* The expres- 

* w act much mme thau half o£ that bbtamable with a modem 
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sion rjP is in. very common use in estimating the performance 
of petrol engines, and it is called the bralce-mean-pressure. It 
is used in preference to P, the indicated mean elfective pressure, 
because indicator diagrams of these engines are seldom taken 
(see Ch. V). With more modern engines than the Daimler engine 



Fig. 99. — Profeesor Hojikinson's 1907 tests on 16/20 H.P. Daimler 

ICngine. 

on which the above tests were made the value of rj'P would 
usually be much higher. 

167a. Brake Mean Pressures. — ^A. H. Gibson has shown* 
that there is an easily ascertained maximum value for the 
mean pressure obtainable in a petrol engine. Taking the net 
calorific value of petrol as 18^600 B.Th.U. per lb., and the 
calorific value per lb. of mixture having the ideal quantity of 
oxygen for combustion (15-3 lb. of air per lb. of petrol) as 


Royal A&rorwmtical Soc. Trans,, No. 3. 


Pounds per Square Inch. 
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1,160 B.TliXT, be tleiliiei*s tlie net calorific value of the 
iiiiitiife p-r r.v. /f. lat ii.t.p.) to be 93-5 B.Tli.U. Assuming 
.1 fiiil diarac of tins mixture at n.t.p. to be taken into 
thi‘ cvliiiiler and completely burned, the energy developed 
111 a cylinder liaviiig a thermal efficiency rj would be 93*5 r] 
B.TIlU* I'vr cii. ft., and the corresponding value of rjP would be 

X^==505 T] lb. per sq. in. 


This Gibson gives as the maximum possible which could be 
develofied in a perfect cylinder under the conditions given. Its 
Tallies for different values of r are given by liim as follows : — 



4-0 

4*5 

5-0 

5-5 

6-0 

Air Standard rj . 

•431 

•459 

•480 

■501 

•519 

Gas Standard rj , 

•304 

•386 

•403 

•420 

•433 

Gaj Steiidard :■< *§ to alltjw ; 
for mecdianitval effieieiu*y . : 

1 -328 

1 

•3481 

•364 

•378 

•390 

Max. posiible . . . ■ 

1 165*5 

1 

176-0 

184-0 1 

i 

1910 

197-0 


These assume a volimietric efficiency of 100 per cent. 

Gibson quotes the figure of 138-2 as the highest achieved 
value of of which he has knowledge. It was achieved with 
5|XS ins. aluminium air cooled cylinder with a compression 

ratlO' of 5%1. 

In the Eicardo Laboratory tests, however, some of which 
are summarixed in the tables attached to par. 179, very high 
values of wem sometimes observed. Thus in column 6 
of the second of the above tables figures are given for the 
observed maximum indicated mean effective pressures using 
various fuels and w^orking on the highest compression ratios 
iuited to each. As will be seen the figures range from 123 to 
Ii5“5 lb. per square inch, so that with moderate mechanical 
effieieneies, the figure given by Gibson as the highest value of 
f|P rf wMcli lie had knowledge would be at least equalled, 
exe^dei, 

1®. 13m dt DimmicHis on Power and Efld- 

^ny attempts have been made to^ produce a work- 
• Frm* IWI and 1911. 
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ing theory of the effect of cylinder dimensions, particularly 
cylinder ^ameters, on the economy and power of internal 
combustion engines. Most of them have owed their origin to 
the competitive trials of motor cars in which the various vehi- 
cles are classed according to horse-power, and which therefore 
require that the figures given should be properly comparable. 
For large internal combustion engines the existence of such rules 
is not of vital importance, since the comparison of one engine 
and another depends upon so many other factors, and, more- 
over, organized competitions are unknown. 

The first attempt to deal with this matter on a scientific 
basis is due to Professor Callendar, who read a paper before 
the Institution of Automobile Engineers on '‘The Effect of 
Size on the Thermal Efficiency of Motors.” Cylinders as 
large as 14 inches were considered which, although common 
in gas engine practice, were well outside the range of motor 
car cylinders. This made the paper the more valuable in the 
general sense, although from the strictly motor car point of 
view advantage would have been gained had the theory been 
based entirely upon engine trials with cylinders nearer the 
customary motor car size. As it was, however, the paper 
presented a general theory not only applicable to motor cars 
but to larger engines also. 

It is well known that the " air standard ” of efficiency is 
higher than the efficiencies obtained in practice, and that the 
ratio of the latter to the former is commonly about 60 per cent. 
This means a deficit of 40 per cent, owing to some cause or 
other. What is this cause 1 The answer is, first, that the 
" air standard ” of efficiency is a far higher one than any actual 
engine can ever achieve, owing to the fact that whereas the 
value of y assumed in the " air standard ” equation is 1-40, its 
average value for the actual cylinder gases at working tem- 
peratures, taking the increase of specific heat into account, 
would be more nearly 1-3.’*' This alone accounts for about 20 
per cent, of the 40 per cent, apparently lost, and the remaining 
20 per cent, is due to various heat losses such as jacket loss, 
radiation loss, etc. In general, therefore, it would appear 


* See par. 66. 
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that tlie 40 per cent, loss is divided about equally between the 
two, tlioiigli in Prof^or Callendar’s view it w'ould be more correct 
to put the unavoidable apparent loss due to the properties of the 
gases down as 25 per cent., and the remaining 15 per cent, to 
the loss of efficiency owing to heat losses during the operations 
of the cycle. It is clear that, as the volume of gas in a cylinder 
wiU be proportional to the cube of the dimensions, and the 
iiirftee of the cooling walls proportional only to the square of 
the dimensions, doubling the size of an engine will halve the 
heat leases due to surface cooling. The fact that the larger 
engine will probably not run at so high a speed has little effect 
on this conclusion, as although the time the gases will have to 
cool will increase with diminishing speed, yet the diminished 
will lead to diminished scrubbing of the cylinder walls 
by the molecules of the gases, and so leave matters much where 
they were. It may therefore be estimated that the loss of 

efficiency due to surface cooling will be oc i where D is the 

cylinder diameter. Some loi^s, however, such as the radiation 
loss, do not follow this law of dimensions, though what law they 
do follow it is not yet known. Still, one of the most important 


Ic^s^ has been shown to be proportional to ^ , and as an 


attempt at a working theory, there is no harm in grouping the 


los^ toother and putting them proportional to This 


IS 


wi&t Professor Callendar does with several sets of engine trials. 
One mt is based on his own experiments on an engine with a 
cylinder diameter of 2*36 inches, and the others are drawn from 
the Report of a Committee of the Institution of Civil Engineers. 
Prom the combined results on all four engines as given below, 
he finds that the value of the constant to be put in the 
©xpresMon — 


1(^ of efficiency = 


D 


tetually c^mes out as 1*0 when I) is measured in inches. 

that M eilmenev = JL 


So 
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Designation of engine .... 

C 

L 

R 

X 

Dianaeter of cylinder, inches 

2-36 

5-5 

90 

14-0 

Doss of efficiency 

0-42 

018 

0-11 

0-07 

Resulting efficiency figure (l — 

0-58 

0-82 

0-89 

0'93 

Observed relative efficiency as com- 
pared with air standard . 

0-44 

0-61 

0-65 

0-69 

Ratio of last two lines .... 

0-76 

0-75 

0-73 

0-74 


It appears that the value of the above constant a, viz. 1-0, 
was chosen so as to render consistent the figures in the last 
line of the above table. 

In this way the relative ejfficiency of any engine is written 

down as 0-75 ^1 s-nd if the air standard ” efficiency 

for the degree of compression under consideration be called 
E, then the 

thermal efficiency = 0*75E^1—^^ 

Had the air standard ’’ been a standard really applicable 
directly to gas engines, the figure 0-75 would have been unity, 
so further simplifying the formula. As it is the above equa- 
tion shows that even the largest engines cannot get nearer the 

air standard ” than 75 per cent. It is useful to compare this 
conclusion with the values found in par. 65. Callendar uses 
these results in obtaining his P.C. method of rating, to be 
described in par. 170. Before coming to that, however, it 
is necessary to consider the simpler R.A.C. rating. 

169. R.A.C. Rating . — ^The rating recommended by the 
R.A.C. , and adopted by the Treasury, is that originally sug- 
gested by Dugald Clerk, who proposed 

rated H.P. = 2-6 

where n is the number of cylinders and d the cylinder diameter 
in inches. Thus a four-cylinder engine of 4 inch bore would 
have a rated H.P. of 25*6. 

This rating is tantamount to assuming that for a given mean 
pressure in the cylinder the piston speed in feet per minute 
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will Im? tlie ^aiiie for all types and sizes of engine. Experiment 
has shown that tfie mean pressure is practically independent 
of here and stroke, hut there is uncertainty how far it is safe 
to assume that the piston speed is the same in all engines. 
This uncertainty is due to lack of clearness as to what the rated 
ILIk is supposed to represent. It might be any one of these — 

(1) M'axliiiiini H.P. on the bench when running all out” 

(2) Maximum H.P. on level road when running ^"all out,’^ 
m Maximum H.P. when climbing the steepest Mil climbable, 

or ' 

(4) Average H.P. when running on roads in normal unim- 
peded service. 

Now for (1) the R.A.C. rating method is probably the most 
corrc^ct, using, however, a lower constant than 2*5. For (2) 
the engine speed in r.p.m., and not the piston speed, is the 
more nearly constant factor, and H.P. is therefore roughly 
proportional to cylinder volume, and is approximately = volume 
ill eu. cms. -f 100. For (3) the engine speed is commonly in 
the neighbourhood of 800 or 1 .000 r.p.m., and the volumetric 
rating therefore applies here also, and we may roughly say 
H.P. = volume in cu. cms. -f- 130. 

For (4) there is little data available, but the R.A.C. formula 
probably fits it very nearly with the present constant. We 
may therefore make out the following table: — (C = total 
dlspkcemeiit volume in cu. cms.) 

|1) Maximum bench where Jc is some constant 

I P) Max. H.P. on road=0-f- 100 
1 m Max. H.P. on MU =rC-M30 

I m Average H.P. normal uninterrupted service on roads= 


ITO. Eki Pormula.— The R.A.C. rating assumes 

Ihal all axes of engines are equally mechanically eiBficient when 
Hinder the mme conditions, which is not the case. If 


D* be miiltipl«i by tie expression 



as proportional 


t# tie meehamcml efficiency, the result is to obtain the expres- 
— 1| wMch ^ould be used in place of in the 
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rating formula. In this way Professor Callendar suggests a 
“ P.C. rating ” (Petrol Consumption rating) of 

B.H.P.= ^(D-1) 

the figure 2 being the suitable constant. The P.C. ratings 
and R.A.C. ratings for a number of cylinder diameters are 
given in the following table — 


D 


Inches 

1 

2 

3 

4 

5 

6 
8 

10 

20 


1-6 

3-6 

6-4 

10*0 

144 

25*0 

40*0 

160 


10*0 

15-0 

28-0 

45-0 

190 


K.A.O. Rating 
(per cylinder) 


0*40 


P.C. Rating 
(per cylinder) 


B.H.P. 

nil 

1*0 

3*0 

6-0 


These two formulis arc shown plotted in Pig. 100. The 
Callendar formula — 1) gives the H.P. per cylinder. 

The result of using the P.C. rating would be, to quote Pro- 
fessor Callendar " According to the R.A.C. formula, a four- 
cylinder engine with 2 in. bore and stroke (like the P.N. 
motor cycle engine) is rated at 6-4 H.P., and is equivalent to 
a single-cylinder of 4 in. bore. According to my experi- 
ments the four-cylinder of 2 in. bore could not develop much 
more than 4 H.P. under ordinary conditions, and would stand 
no chance against the single-cylinder of 4 in. bore. A 
four-cylinder of 3 in. bore is equivalent to a single- cylinder of 
6 in. bore by the A.O. rating, but according to the P.C. rating, 
the single-cylinder would have an advantage in point of power 
of 25 per cent. A two-cylinder of equal power on the A.O. 
rating would have an advantage of about 12 per cent, over 
the four-cylinder, and a six-cylinder a disadvantage of about 
10 per cent.’" ^ Professor Callendar also remarks : — An obvi- 


ms 
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ous objection to tbe P.C. type of formula, is tha,t the B.ir.P. of 
an engine of 1 in. "bore and stroke would be zero. According 
to the R.A.C. rating it should be | H.P. It would no doubt 
he possible to get such an engine bo run if very delicately made, 
bub the efiect of ignition lag would be serious ab the normal 
speed of 6,000 resolutions per minute, and I doubt whether 
it could be made to gise as much as iV H.P. on the brake.’’ 

At the present time there axe fe-w motor car engines that 
coiQd. not yield, -without pressing, an amount of power given 
say by such a formula as : — 

gp _ m)(D-fS) 

5 

where N and D are as before and S is the length of the stroke 
in inches. If in a given engine the length of stroke be 10 per 
cent, greater than the diameter of the bore, this formula would 
attribute to the engine a H.P. greater by 5 per cent, than one 
in which stroke was equal to the hore. Whether the full 
engine H.P. can. be utihzed when the engine has been fitted to 
a motor car depends upon whether the gear-ratios have been 
suitably chosen. 

hTone of these formulae apply to anything but four-stroke 
single-acting engines. Some motor cars, however, have two- 
stroke single-acting engines, and fox them the rating is 1 ot 7 . 
A two-stroke engine can give, on the bench, about 60 per cent, 
more power than a four-stroke engine of the same Tbore, stroke 
and number of cylinders. The reason why two-stroke engines 
do not give twice as much as f onr-stroke engines is that the 
compression and explosion pressures are usually less, and there 
is often a considerahle amoimt of fuel which escapes unburnt. 
When a t-wo-stroke engine is fitted to a car a difficulty arises 
owing to its very powerful and noisy exhaust, the effective 
silencing of which increases the hack pressure and largely 
neutralizes the gain of power there would otherwise be over 
the four-stroke engine. 

171. Ratio of Power to Weight. — An interesting point is to 
find out what is the best cylinder diameter for minimum weight 
of engine per B.H.P. developed. 

If the weight oo and the H.P. o® I>(D — i) 
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H.P. _^ D(D^lU D-i 

weight D2‘5 D"-*" 

gi'ves the following table : — 

I) 1 " 2 3 4 5 

0 0*353 0-385 0-375 0-357 

1)10 

showing that the greatest H.P. per lb. weight of motor would 
lie obtained ’when I) = 3 inches, although D = 4 inches gives 
practically as good a result. The w^eight will however be 
affected also by change in the compressimi ratio since with in- 
cR^asing compression the engine parts must he made heavier. 

1*^. Oi^ration of Twc-Stroke Etagmes. — ^Although, the two- 
stroke |>etroI engine has twice the number of working strokes, 
fMH 1,000 r.p.m., that a four-stroke engine has, it suffers much 
from loss of power owing to some of the entering charge passing 
out of the exhaust before it has been burnt. Also the exhaust 
valve has to be opened before the end of the working stroke, 
and this diminishes the effectiveness of that stroke. 

Careful experiments on two-stroke engines have been carried 
out by Watson and Penning.* The engine tested was a single 
cylinder Day engine rated at 2 J H.P. at 900 r.p.m., the cylinder 
bore and stroke being 3 J in. When under test the power was 
absorbed electrically and the I.H.P. was measured by a reflect- 
ing indicator. Tests were made at 600, 900, 1,200 and 1,500 
r.p.m. 

The best values of P were obtained when the ratio of air to 
petrol by weight was 12 to 1, and the following were the 

figures ; — 


Speed 

P 

r.p.m. 

lb. per sq. 

600 

63 

000 

58 

1200 

53 

1500 

48 


These figures show how at high speeds there is not time for a 
fall charge to ente* the cylinder ; also that tjP would not be 
much iB<Ke than half the value usual with four-stroke engines. 


• Proc. IJiJB., 1908 and Istar. 
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173. Composition of Exhaust Gases. — ^The efficiency of a 
petrol engine naturally depends on the degree to which com- 
bustion is complete. The exhaust gases should not, for good 
efficiency, contain any CO. All the carbon present should be 
burnt to COg. Nor, if the proportion of air is closely adjusted, 
will there be any oxygen in the exhaust. 

I It is difficult to write down the chemical formula in accord- 
ance with which the combustion of petrol takes place in an 
atmosphere of air, owing to the complex nature of the petrol 
molecule, but it is interesting to write down the combustion 
equation for CgH ig, and to look upon it as representing, approxi- 
mately, what occurs with petrol. 

CgHis burns with Og as follows — 

2C8H13 -t- 250 ^ = I6CO2 + 18 H ,0 

so that 27 volumes of mixture give 34 volumes of products, 
or, if the steam be condensed to water, 16 volumes. 

In actual working, ordinary air and not pure oxygen is used, 
BO that there is nitrogen also to be considered. With 25 
volumes of oxygen, 94 volumes of nitrogen would be associated 
— making a total of 119 volumes of air. Each volume of this 
petrol therefore requires 60 volumes of air for complete com- 
bustion, and the equation can be therefore rewritten as — 

I 2C8H18 + 25O2 + 94N2 = I6CO2 + I8H2O + 94N2. 

The right-hand side of this equation is exhaust products, and 
the composition by volume will be — ^if the volume of the water 
1 6 

be neglected — cent, of CO2 and 85-5 per cent. 

of Na. If too little air were admitted some of the COj would 
be reduced to CO, which being a poisonous gas is a very un- 
desirable element in the exhaust ; moreover, it would reduce 
the thermal value of the gas owing to a part of the carbon not 
being completely oxidized — a loss which has already been dealt 
with quantitatively in the chapter on suction producer gas. 
If too much air is admitted, free oxygen wiU appear in the 
exhaust. We have therefore the following three rules : — 

(1) When oxygen occurs in the exhaust too much air has 

been admitted. 

(2) Too lit,tle air leads to formation of CO. 
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^3) When neither CO nor Oj appear in the exhaust the air 
is in tlie right proportion. 

Some experiments on the composition of exhaust gases were 
made by Professor Hopkinson and L. G. Morse, in the engineer- 
ing laboratories at Cambridge, on the Daimler engine already 
referred to. 

The speed iras kept at 700/750 r.p.m., and a jet carbur- 
ettor of the usual sort was used. The throttle was kept open 
so that the suction never exceeded J lb. per sq. inch in the 
inlet pipe close to the inlet valves. Fuel used was Pratt’s 
motor spirit ; density 0-715 to 0-720 ; Calorific value 18,900 
B.Th.U. (lower value). The exhaust gases were analysed by 
the ordinary volumetric methods, the COj being absorbed by 
potash, the oxygen by pyrogallol, the CO by an acid solution • 
of cuprous chloride, and the Hj by palladianized asbestos. 

The following table shows the results recorded — 


■Exfibimen’ts made by Professor Hopkimsom and L. G. Morse. 


Petrol eonsiimption 
|.>er revs. . 

in lb . 

0-181 

0*191 

0-197 

0-217 

0-250 

0-293 

Brake load at 43 in. radius 

lb . 

25 

27*5 

29-3 

29-4 

29-3 

27 

Tliermal efficienev 


0-244 

0-252 

0-261 

0-238 

0-204 

01 62 

CO 2 —- measured 

• 

10-9 

12-8 

13-5 

10*6 

9-6 

6 

0, 


3-6 

1-5 

0-2 

— 

— 



CO 


— 

— 

0-7 

5 

6-25 

11-6 



— 

— 

— 

2-1 

2-65 

8*7 

K® bv differanc© . 

. 

84 

84 

84 

81 

80 

73 

Total 0^, calculated from 

N, 

* 22-4 

22-4 

22-4 

21-5 

21-3 

19-4 

H 5 O calculated 

■ ■ 

15-8 

16-2 

16-8 

16-8 

1 

17-2 

15-2 


From this it will be seen that when the CO and Oa are at 
a minimum, the CO, is 13-6 per cent, and the N, 84 per cent., 
figures which are very close to those calculated above from 
the approximate chemical formula. Moreover, it wiU be seen 
that it IS at this pomt that the highest thermal efificiency 
{0-261} was recorded. This is best brought out when the 
points are plotted in a curve, as in Fig. 101. 

Cam B (thermal efficiency) shows how quickly the thermal 
telinee when CO begins to be produced. Curve A 
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(corresponding to B.H.P.) is of a very different form, as 
although it is true that minimum production of CO corresponds 
to an output in H.P. very little less than the maximum, yet 
that maximum is found when the CO amounts to 0*7 per cent, 
and is very nearly maintained even when the proportion of CO 
rises to over 6 per cent. The ideal condition of working is 


lOd 12-8 13-5 

/0'6 

$e 

BO 

3'6 I'S 0 

0 

0 

0 

0 0 07 

S'O 

6‘25 

ll-B 

0 0 0 

27 

6'65 

8'7 


Om 

^11*1 fi 

o-iei 


i*fs m 

241 8‘f 


m U 4 

id 0| to st 
U per dtoiy 

bm 
will be seea 


0’2o[ 


O'/d 0-20 022 0'24- 026 0'2d 0‘S0 

Petrol Consumption . 

Fig. 101 . 

obviously the apex of Curve B, but the corresponding point 
on Curve A is not a convenient one to work at. In all engineer- 
ing work it is customary to work, if possible, near to the 
middle of a curve which has a slow hump, such as Curve A, 
in order that small yariations to right or left may not make 
much difference. The ideal working point on Curve A is 

u 


Tla© followii^ fc&Wa showi the oompoiition of the exhaust gases under these conditiona on three diffen nt 
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Engine had been running for some hours. Engine in other cases had been just started from all cold. 
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therefore by no means the most convenient practical point, 
which in this case would correspond to about 5 per cent, of 
CO . This temptation has led engine builders to set carburettors 
so to give maximum power, instead of aiming at minimum 
production of CO and therefore maximum thermal efficiency. 

Dugald Clerk has also carried out tests of this kind. He 
used for this purpose the engine on a 18 H.P. Siddeley car. 
The engine was a 4-cylinder one, bore 4 inches, stroke 4 inches 
Samples of the exhaust were taken while — 

{a) The car was standing on the level with the engine 
running as slowly as possible. 

, (&) The car still standing, but engine running at about 
600 r.p.rh. 

(c) The car running on a level at about 18 m.p.h., the 
throttle less than half open. 

{d) The car climbing a hill, engine running about 1,000 
r.p.m., and throttle from three-quarters to full open. 

It will be seen from the above table that under circum- 
stances which might quite often occur in practice about 4 
per cent, of CO is being produced. To meet the difficulties 
of designing a carburettor which should mix air and petrol 
in constant proportions under all conditions of load and speed 
is no easy thing, indeed most builders aim at quite different 
mixtures, viz., those that make for ease at starting, for 
rapidity of picMng up,” and other features of car manage- 
ment that make for ease of manipulation. » 

Dugald Clerk concludes from the results of his experiments 
that the following conditions appear to produce imperfect 
combustion — 

1. Too rich mixture with insufficiency of oxygen. 

2. Too weak mixture with excess of oxygen, but too slow 

a rate of ignition and combustion. 

3. Irregular mixture — ^mixture supplied too rich in com- 

position at one part of the stroke, and too weak in 
another ; that is, bad mixture. • 

4. Engine and carburettor cold. This tends to cause im- 

perfect combustion, due partly to low temperature 
and partly to bad carburetting. 
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5. Improper timing of ignition, and missed ignitions. 

6. Ignitaig in the body of the cylinder, instead of in a 
port. This is liable to produce imperfect combustion at light 

loads. 

The sixth of the above conditions is an exceptionally inter- 
esting one. It seems incontestably to be the case that the 
proM^iice of “ pockets ” in cylinders leads to loss of efficiency, 

pockets ’’ being the name given to any recess in the top of a 
cylinder which has the effect of increasing the clearance volume. 
But it is almost equally certain that the presence of '' pockets ” 
improves the running of the engine under working conditions : 
and renders it, as it is termed, ''more flexible.” Pockets 
lower the efficiency, as they increase the ratio of surface to 
volume, hut they render ignition more certain, as, even at 
light loads w^hen the exhaust products left in the clearance 
space dilute the incoming charge very considerably, there is 
the likelihood of the neighbourhood of the sparking plug 
(which is probably situated in or near one of these pockets) 
being rich locally in explosive mixture, so ensuring the proper 
starting and timing of the ignition. Too much pocketing ” 
on the other hand may lead to detonation of the charge. 

174. on the Road. — ^Not only are petrol engines for 
motor vehicles tested on the bench, but also when fitted 
into their chassis. Such tests are kept as closely as possible 
to noonal working conditions. Measurements of speed and 
H.P. are needed, also wherever possible tests of acceleration 
and of hiH-climbing ability. To measure the B.H.P. on the 
mad it is necessary to know the speed and the resistance to 
motion (R) in pounds per ton. 

Then 

B H P == ^ m.p h. X B X weight of car in tons 

375 

The s^»d is usually read on a " speedometer ” and the resis- 
tance by " iecelerometer.” Such an accelerometer is 
^own in Kg. Its action * is that of weighing the forces 

^ Fc» m diiCMptiou of ffie m^^ianism, and of tests made with it, see 
Tie feplember 16, 1910, md Pwc..LG.E,, Vol. 188 ; also 

AppUmMm Pmmr m Momd Tmmprn (Constable ^ Co.) 
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which, oppose the motion of the car, and the needle points to the 
figure on the scale showing the-numbei of “ pounds per ton” 
of resistance at any moment. Such devices are called acceler- 
ometers because they were first introduced for the measure- 
ment of train acceleration. They can however be used for 
other purposes. 

175. Fuel Consamptioil Tests. — ^It is also usual to measure 
the amount of fuel used on a road-test, and to put the result 



Fio. 102. — Accelerometer. 


into tte form ‘‘ gross-ton-miles-per-gallon’’ of fuel, i.e., tte 
product of miles run per gallon by the total moTing weight 
in. tons. This figure affords a useftil comparison of car with 
car provided that care is taken to measure during the run the 
average amount of the resistance overcome by the method 
described in the previous paragraph. This is necessary, as 
with heavy vehicles the resistance is sometimes twice as high 
on winter roads as on summer ones, and the gross-ton- 
miles-per-gallon ’’ figures will he . changed in proportion. It 
is best to express the relationship in the form gross-ton- 
miles-per-gallon on roads of normal road resistance,” and to 
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take 70 lb. per ton as a common standard of resistance. Ttdf 
brings all SMeh tests to the same basis of comparison. Noi 
only dcjc‘5 the state of the roads affect the resistance, hut th( 
s|)eed at wliich the car runs during the trial also affects it con- 
siderably. At high speeds the component of the resisting 
force due to air resistance is very greatly increased. On gooc 
roadS' the total resistance with the average four-seated touring 
car * is usually about 

R. in lb. /ton =50 + 0*06V^ where V is in m.p.h. 

For a typical motor 'wagon under the same conditions 
R=:50 -f O-IOV^ 

but much depends in either case on the form of the body o; 
the vehicle, and experiment is the only safe guide. 

l‘?8. Windage Experiments* — S. P. Edge once carried oui 
tests at Brooklands to see what effect the raising of a large 
wind scieen would have on the speed of a large Napier cai 
(384 H.P. R.A.C. rating). His results were — 


Af» of Wind Hesktance Screen 
in Square Feet 

Speed in M.P.H. 

30 

47-85 

28 

50-0 

26 

52-9 

24 

66-15 

22 

54-0 

20 

55-6 

18 

57-0 

16 

57-6 

14 

60-0 

12 

62-5 

10 

64-2 

8 

66*15 

6 

70*25 

4 

75:0 


73*8 

0 

79-0 


These figures are shown, plotted in Mg. 103 . Students wi 
find it interesting to estimate what the resistance law mm 
haye been to give these resxilts. 

* VMe Appliauion e/ Fmeer to Mood (Tmmport (Constable & Co.). 

« ^ 
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the same scale, i.e., so that both show the equivalent tractive 
effort at the rear road wheels. The two dotted curves parallel 
to the resistance curve are the curves of resistance when 
ascending gradients of 1 in 20 or 1 in 12 respectively, since 
they represent the result of adding the extra effort necessary 
for lull climbing to that needed to overcome the resistance on 
t he level. The upper dotted torque curve is that corresponding 
to the engine being on the next lower gear. 

These curves show that on a level road the tractive effort 



Fio. 104. — Traetiv© Effort and Resistance at various speeds. 


and the resistance will be exactly balanced at 34 m.p.h. If 
the rt^d began to ascend, the resistance curve would rise 
bodily upwards, keeping parallel to itself, and the crossing 
point of the two curves would move nearer in showing a lower 
speed of travel At the crest of the torque curve the motion 
become unstable, and the engine will stop unless the “ gear ” 
be changed. This point evidently comes just after the slope 
rises to a steepness of 1 in 20. On the lower gear the point of 
instability comes MK)n after the slope exceeds a 1 in 12 gra- 
dient. These torque curves correspond to the throttle 
bring wide open. U, however, the vehicle T^ere traveUing on 



Area exposed to Wind Resistance -- Sq. Ft 
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Speed in Miles per Hour. 


Fig. 103 .-—Diagram showing effect of wind resistance on a Kapier car 
carrying a special wind screen, and having itself a projected area of 
12 sq.ft. ■ 


177. Hill Climbing Tests. — ^The initial acceleration with 
which a car can start to move on a level road is closely con- 
nected with the steepness of the hill it can climb. IE a be the 
angle of the steepest hill climbablej then the equivalent accele- 
ration is g sin a. This is obvious, as the same engine effort is 
needed to chmb a hill of this slope as to give an acceleration 
equal to g sin a. Change of gear affects hill climbing ability 
in the manner illustrated in Fig. 104. The lower continuous 
curve is the resistance curve, whilst the continuous curvt^ 
crossing it is the engine torque curve (on top gear) plotted to 
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a level road on top gear at 20 m.p.h. and the throttle were 
suddenly opened wide, it will be seen that the engine would 
then be giving xxxuch more than twice the effort necessary to 
overcome the road resistance, and the balance would go to 
accelerate the motion of the car. In this particular case the 
excess effort is about 105 lb. per ton, and a force of 105 lb. 
acting on a mass weighing a ton would produce an acceleration 


of 


105 X 32 
2240 


= 1-5 ft. per sec. per sec., which would, therefore. 


be the acceleration of the car at this point. It is by drawing 
curves of this kind that it is possible to design the best gear 
ratios of mechanically propelled vehicles. 

178. R.A.C. Tests. — Interesting trials of touring vehicles 
and motor wagons have been organized by the Royal Auto- 
mobile Club, and from some of their reports the following 
tables have been made out — 


1907 Triads of Motor Waoons 


Net Load carried 

Average provided 

H.P. (R.A.C.) per ton of 
Gross Moving Load 

Average G.T.M. per 
Gallon of Petrol 

4 ton (5 cars) . 

7-82 

27-4 

1 ton (4 cars) . . 

6-8 

33-26 

1-| tons (5 cars) 

7-24 

30-9 

2 tons (7 cars). 

4-96 

34-93 

3 tons (15 cars) 

5-01 

40-6 

5 tons (1 car) . 

4-87 

33-9 


R.A.C. Interitatioitax Touring Car Trials, 1908 


H.P. (R.A.O. rating) 

Miles run per 
gallon (average of 
best cars) 

Average weight 
(loaded) of best 
cars. Tons 

Gross-Ton-Miles 
per gallon of petroL 
Average for best 
cars 

XJp to 20 H.P. 

24-2 

1-30 

30-7 

20 to 40 H.P.. . 

17-2 

1-72 

29-6 

40 to 60 H.P.. . 

15-9 

2-14 

33-9 


Note . — ^Total distance run in the 1908 trials was 1,977 miles on the 
roads in Scotland and England. Average speed of aU cars probably 
between 15 and 20 *1X0168 per hour. 
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rrsiilts, taken into consideration with, many later ones 
tile author iias collected, suggest the figure of 50 gross ton 
iiiik*s |M.'r gallon as a convenient standard of performance 
R^diicetl to the common basis of a tractive resistance of 
7tGh. |)C*r ton. This subject, however, needs a chapter to itself, 
and it is treatcxi in fuller detail than is here possible in The 
Ap|)lkmtioii of Power to Road Transport.” 

T3. lAte Tmh of Petrol Engine —The influence of various 
lic|iiicl fiicds on engine performance has been closely examined 
at the Ricardo Laboratory.’®' A leading object of this 
inveitigation was stated to be to 'discover the factors con- 
trolling detonation, since the tendency to detonate determines 
the degree of compression which may be employed, and 
tlM^refore both the power and efficiency of the engine. 
The results are summarized in Tables I and II. It was found 
that mth tlie exception of alcohol and the members of 
its group, the efficiency obtainable with all fuels appeared to 
be the same, within about one half per cent., at the same com- 
pression ratio. The fuel therefore which permits the highest 
coinpressioB leads in thermal efficiency. Ricardo also found 
that the addition of cooled exhaust gas to a petrol mixture 
detonating normally when r = 4-85 enabled the compression 
to !>e raised to r == 7*5 without detonation. 

His view is that under normal conditions pre-ignition is, 
in the case of oidinary petrols containing a substantial propor- 
tion of members dE the paraffin series, always brought about 
by perelstent detonation and that if detonation be prevented, 
pre-ignition will not readily occur, and much higher compression 
pressuTO can te used. 

l&l. 1dm (tf ¥ovm at Altitude in Aero Engines. — ^That the 
of ak density with altitude affects the output of 
stationary gas engine working at elevated stations is weU 
known, but it naturally affects still more the performance of 
«ro engmes. It is manifest that the horse-power must (Hmin- 
ish when the air density falls, since at altitude, the weight of 
air filing the cylinders will be less and theorefore the weight of 
fuel suitei to a»mbme with that amount of air will also be 


• in AwiomobUe I92L 

r 



TABLE II. 
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The pressure in the suction stroke is governed by the pressure 
in the surrounding atmosphere ; the temperature, however, 
is as much affected by the cylinder temperature as by the 
atmospheric temperature : hence the power does not faU quite 
so rapidly as the pressure but more rapidly than the density. 
The rate at which pressure and temperature fall with height 
is shown in the following table : — 


HoiKht 

foot 

Pressure 

millibars 

Temperature 
Deg. Abs. C. 

Density 
gm /cu. metre 

0 

1,016 

' 288-0 

1,229 

5,000 

845 

278-1 

1,059 

10,000 

698 

268-2 

907 

15,000 

573 

258-3 

773 

20,000 

466 

248-4 

655 

25,000 

376 

238-5 

551 

30,000 ' 

301 

228-6 

460 


The question as to the falling off of power with altitude in any 
given engine resolves itself into finding a connection between 
the temperature and pressure inside the engine at the end of 
the suction stroke, and the temperature and pressure of the 
outside atmosphere. Experiment has shown that pressure 
in the engine when compression begins is directly related to 
the outside pressure. When the outside pressure for instance 
is halved, the pressure at beginning of compression is also 
halved. Pressure variations then have their full effect. This 
is however not generally the case for temperature variations. 
The temperature of the charge at the beginning of compression 
under ground level conditions is of the order of 100° C. The 
air on its way to the engine will generaUy lose heat in the car- 
burettor, so a considerable amount of heating must take place 
in the engine itseK. These heat exchanges will naturally tend 
to mask, more or less, the effect of outside temperature varia- 
tions, provided these are within moderate limits. The exact 
relationship between outside and inside temperature thus 
depends on carburation and general engine design. H 
relationship for different engines run under different conditions 
of carburation will vary. Cases, however, where the outside 
temperature variation has its full effect are rare. In general 
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i>iily about oiie-tiiird to one-fourth of the outside temperature 
Tariatioa is elleetive in producing changes of temperature inside 
the engtne. In the case of the atmosphere, a decrease of pres- 
sure during aseeiit is Mswiated with a decrease in temperature. 
If this deema&e in temperature is not fully effective inside the 
engine, the power will fall off slightly faster than the air density. 
Most aero-engines exhibit this characteristic. Measurements 
iiiifler flying eonditioiis are difficult and the results are liable 
to te modified by changes in carburation and mechanical 
efficiency ; for this reason special altitude test houses have 
Men constructed where the engine can be tested on the ground 
under conchtions as to temi^rature and pressure corresponding 
to great heights. 

Tliis faling off in power, with height, limits the performance 
of an aeroplane. Attempts have therefore been made to design 
an engine which up to a certain height will develop a constant 
piwer. Two methods of prcKsedure are possible. In the one, 
the supercompression method, an artificial atmosphere is 
ereateci, by means of a blower or air pump, in the carburettor 
intake. The engine, although at altitude, is supplied with 
air of ground level pressure. The blower may be either geared 
to the aeroplane engine, or driven by the exhaust through the 
agency of a small turbine*, or it may he driven by an 
entiieiy se<|mrate power unit. The alternative method is 
te do away with all blowem and simply build an oversize 
engme. At low* altitudes this engine is kept throttled down. 
As the height increases the throttle is more and more opened. 
Constancy of power is thus obtained till the throttle is fully 
o|«ned. JiMt m in the case of the blower, there is thus a 
limiting altitude after which the power falls off. 

For altitudes up to f^t, the over dimensioned engine 

m genemly considered the simpler solution. It might appear 
at firot sight M if the over-dimensioned engine will necessarily 
t» very heavy. This is however not so. Although of larger 
bore and stroke than the normal engine, it is only called upon 
te cfevelop the same power. It can thus be built relatively 
IgMfy, Of TOmse cmc haa to be^ taken never to nm such an 
** 1 ^ cmI ” when tb©' ground. 

f»ga- ita 
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EXAIVIPLES 


1 . Find tlie ^timates for the B.H.P. of tlie foDDiriag cars, first mi iim 

IE.A.C. rating of , secondly using the formula D and 

2*5 5 


B beiiig the diameter of bore and stroke r^peetively, Ix^th in ktch^. 

(i) 6-cyIiiider; 5-iach bore by 7-incli stroke. 

(ii) 4-cylinder; 4-iach bore by S-incb stroke. 

(iii) 4-cylinder; SJ-inch bore by 4|-mch stroke. 

(iv) 2-cylinder ; 80-mm. bore hy 280-mm. stroke. 

2. If the B.H.P. of an internal combustion engine (four-stroke single- 


acting, one cylinder) be expresi^ by the formula 


DID 4- S) 
5 


, calculates 


the mean effective pressures -which the formula assumes for the follow- 
ing mean piston speeds : — 1,0CX), 1,250, and 1,500' ft. per mm. of an 

S 

engine having a stroke-bore ratio ^ of 1*50, and a iiieehani«l 


of 0 - 80 . 


ESSAY QUESTIONS 


[The following questions ar^, fcur the most part, sel«!ted fmm ex- 
amination papers.] 

1. Explain what is m^nt by (i) absolute temperature, (ii) a perfect 
gas. State the two chief laws winch perfect ga^ obey, and 


that for a perfect gm 


T 


is (xmstant. 


2.' What is the law connecting tte pr^sur© pb. p®- ft), volume 
feu. ft.) and absolute temperature (centigrade' K^fo) of 1 lb. of air f 
[One eu. ft. of mx at weighs O-0807 Ib.] Explain why the 

specific heat of a gas at constant pr^sur© micKt 1» ^ater tliMi the 
specific heat at constant voluma 

S, A gas expands so Smt PW*=<x>nstant. Shew that If » is the 
mtio of specific t^t at eor^tant fo-i^sure to specific hmt «fe constant 
vedume, the'^ex^Mimon is adkdmfcic. Six Tri|w, IS§S.| 


304 THE IXTEF^XAL COMBUSTIOX ENGINE [chap, ix 


4. A gras engine \^'orks on an ideal cycle with adiabatic compression 
aiiii nn^eiving and rejecting heat only at constant volume. 

Obtain the^ expression of its efficiency. (Mech. Sc. Tripos, 1906.) 

& In what way does the PV diagram of the ideal cycle for a gas 
engine differ from reality ? If it differs greatly, why are such ealcula- 
tisms of any use? ^ (B* E., 1906.) 

Ck. I^'S 4 !rib«e witli sketches the mode of operation of an. rntemal Com- 
bust ica Er»gia€\ Explain why, in general, such an engine is more 
efficient as a heat engine than a steam engine of the same power. 
St.ate where the various losses of energy occur. A gas engine of 10 
B.H'.P. consumes 180 cu. ft. of gas per hour, the calorific value of 
wliich is 690 B.T1 i.1lJ.’s percu. ft. Find the total efficiency, and give a 
rough estimate of the different proportions of energy lost due to the 
causes mentioned above. (Alech. Sc. Tripos, 1906.) 

7, Desenbe a gas engine, and explain how it uses the Otto cycle 
of operations. Sketch the cylinder, showing piston, water-jacket, 
valves, shape of clearance space, and shape of exhaust outside the 
cylindt^r. (®* E., 1899.) 

" 8. What is meant by “ scavenging ” in relation to gas engines ? 
How is it done, and how (or why) does it affect the efficiency ? 

(Mech. Sc. Tripos, 1898.) 

9. If the ideal P-V diagram of a gas engine consists of an area en- 

closed by two lines of constant volume intersected by two adiabatic lines, 
show that the efficiency of the cycle represented by the diagram de- 
pends on the compression ratio only, assuming that the specific heats 
of the worMog agent at constant pressure and also at constant volume, 
are constant. (B. of E., 1912.) 

10. Explain why the efficiency of a ga»s engine falls short of the 

/ 1 

id^ value obtaiiied by sulBtituting 7 = 1*4 in the formula 1 — ) 

Indi«te the relative importance of the different reasons. 

(Mech. Sc. Tripos, 1913.) 

11. Cnticiro the Otto cycle from the point of view of (1) efficiency, 
(2) relation of power to weight on the part of the engine. In modem 
practice the tendency is to compre^ the mixture highly before ignition. 
How does this affect the points of your criticisin ? 

12. How are Indieator-Hiagrmis taken from a petrol engine going 
at, »y, 2, WO rew. per min ? Describe the Indicator. 

(B. of E., 1911.) 

1S« Sketch th© form of Indicator-Diagram you would expect to 
obtain from a petrol engine. Sketch diagrams showing : — 

(a) The sfMrk too much advanced 

(1) "Hie msuffidbntly advanced. (B. of E., 1912.) 

14* Wtail to be^ tte competition of th© exhaust gases from a 
ps m^m ^ or from a petrol engine I Why does 

^apmtlon differ frma tMs ! (B. of E., 1916.) 
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15. Make a careful sketch of a petrol motor. Show a carbxirettor 
to au enlarged scale and explain the principle of its action. 

(B. of E., 1913.) 

16. In a gas-engine diagram the expansion curve usually lies above 

the adiabatic ” expansion curve, showing that, if the working sub- 
stance be a perfect gas, it must be receiving heat during the expansion ; 
yet, in fact, much heat is withdrawn from the cylinder walls by the 
cooling water. What do you regard as the most probable explana- 
tion of this ? Give some account of the arguments and exj^imental 
evidence which lead you to prefer your explanation to others that 
have been suggested. (Mech. Sc. Tripos, 1904.) 

17. Discuss the reasons that have been given for the so-called “ sup- 

pression of heat ” in the working mixture of a gas engine, and give an 
account of recent investigations, conducted for this purpose, into the 
properties of the gas used and into the interchange of heat between 
the mixture and the iron surface into which it comes in contact during 
its working. (Mech. Sc. Tripos, 1911.) 

18. Describe with sketches how lubrication of the various parts of 

an engine (not encased) is usually performed. (B. of E., 1902.) 

19. Why do we regulate an engine with both a flywheel and a gover- 
nor ? Explain clearly how each affects the regulation. 

(B. of E., 1900.) 

20. Give an account of the different methods used for governing 
gas engines, stating the advantages and the disadvantages of each. 

(Mech. Sc. Tripos, 1904.) 

21. Sketch a section through the gas valve of a gas engine, show- 
ing the hit-and-miss mechanism operated by the governor. 

(B. of E., 1007.) 

22. Describe any non-luminous gas-making plant for use with a 
gas engine working to, say, 100 I.H.P. What chemical action takes 
place in the gas manufacture ? What is the composition of the gas ? 

(B. of E., 1899.) 

23. Describe with sketches the manufacture of any kind of producer 

gas. You must show that you have a knowledge of the chemical 
changes which occur. (B. of E., 1911.) 

24. A petrol engine is run on the brake and the petrol supply is 

gradually increased by adjustment of the carburettor, the throttle 
being kept fully open and the brake adjusted so as to keep the speed 
constant. It is found that the brake load increases to a maximum 
and then keeps nearly constant, in spite of a considerable increase 
in the consumption of petrol. Also the maximum torque so deter- 
mined diminishes as the speed is increased. Explain these observa- 
tions. (Mech. Sc. Tripos, 1913.) 

25. Describe some form of small 2-cycle petrol motor. Explain 
why the small 2-cycle engines do not as a rule give much more power 
'than the 4-cycle engines of equal cylinder capacity and are consider^ 
ably less economicaf of fuel. What countervailing advantages have 
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whm they arc api>Iied to the propulsion of vehicles and boats 
r. i-tiwly ! ” (Meeh. Sc. Tripos, 1913.) 

Wliv is the power of the engine of a motor car so great in com- 
l-iari^-u v^ith the power applied to a horse-dravm vehicle? Give a 
rsjiigli estimate of how the power of a car rated at 38 H.P. is spent — 
ill Wien going at 80 m.p.ii. on the level. 

[2) When going at slow speed up a hill of 1 in 5. 

What k the probable loss attributable to the cranksliaffc, the gear 
t.Mjx and tlie back axle gear ? 

27. Show tliat the accelerations of the piston of an engine at the ends 

of the stroke are given by where <i> is the angular velocity of 

tile crank and r and I are the lengtlis of crank and connecting rod. 

(Mech. Sc. Tripos, 1912.) 

28. The following are the results of two comparative tests of the 
smne gas engine, the only difference between the two being that in 
test B the gas cock wus opened wider than in test A, and the power 


m’'&s coTr€‘spoiidingly greater : — 

A B 

FoL of gas taken per stroke (eu. ft.) . . . O-IO 0-13 

Work done per stroke (per cent, of heat supply) . 30 27 

.givento jacket water (per cent, of heat supply) . 29 34 


Hie combustion of the gas was complete in both cases. What is 
the explanation of (1) the greater percentage heat loss in B, and (2) 
the lower thermal efficiency in B ? 

Is the greater heat adequate to account for the whole of the 
drop in efficiency, and, if not, how do you account for the balance ? 

(Mech. Sc. Tripos, 1913.) 

2i. Show that the force required to accelerate the reciprocating 
mawes of an engine is given approximately by 

Ma>V (cos cos 2 6}, 

wtere M = maffl of reciprocating parts, 
fe) =3= angular velocity of crank, 
r = emnk radius. 

I = length of connecting rod, 

§ = crank angle, measured from line of stroke. 

Give any ^pMcal method by which the acceleration of the recipro- 
cating mMies may be obtained. (B. of E., 1912.) 

SB. Pkjv© that there is no change of temperature when a perfect 
1 ^, ^ter pa«ing through a throttle valve, has. been again brought to 

reit-* 

Expenments with hydrogen, iiave shown* a very slight rise of tem- 
How wouM you account for this ? 

(Mech.'^Sc. JPripos, 1912.) 
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31. Ill is in gk‘- cylinder engine, at any point of tlie -tr.jke, >L r. 

liow iincl the turning moment on the erankshafT, if we fix*W' .ei 
Isidicwitor I>iagraiii and the sizes and weights of the pans of th-'* rFigii] ‘ 
and its speci‘d. Take the shortness of the eonneetiiig rcxi into acrcHiii!, 

(B, of E., 191 Ok 

32 » till* PV^ diagram of air altering m state, how do we liBci 

dH , 

a. showing at every instant — , the me of reception of Ivoat ? 

If til© expansion ciirv© follows approximately PV" =eonsia!it. t.\d 
rfH (B. of E., 

^V* 

3B. Ex|3l4iin how you would proceed to find the temperature of the 
eharg© in tlie cyMrider of a gas engine at a point in the stroke Jnsl after 
fch© closing of the admission valve. Ha\dng determined this tempem- 
t'Ure, liow would you use it to find the temperature at points during 
the erspansion stroke ? State clearly the measurements you would 
oiak© and. the observations you would take to obtain the necessary 
edata^ 

34r- Shovsr that the total quantity of mixture drawn into a gas mgiiie 
per smetion. stroke is nearly independent of the tempt: rat ure of the gas 
loft in fch© -compressioa space from the previous stroke. 

(Mech. Sc. Tripos, 1§2L) 

3S. Griwe some account of the ideas governing the choice of coni- 
pr©s.sion rautio in the different types of internal combustion engine 

(Mech. Sc. Tripes, 1921.) 



ANSWERS TO EXAMPLES 


CHAPTER II 

Pages 40—46 

L 1IB2’ C. 2. 74-8 ib. per sq. inch by gaug^ 

a 1870'" C. 4. 1502^ C. 

a C. ; 234 lb. per sq. inch. 

6. 18-7 lb. ; 3,517 eii. ft. 

7. (ij ) 58-8 lb. per sq. inch ; 70° C. 
ib) 104 lb. per sq. inch; 333'° C. 

8. 114 lb. per sq. inch. 9. 66*4 lb. per sq. inch; 109-5° C. 
10. 330° F. ; - 63° F. 11. 500° C. 12. 30° F. 

15. Work done in adiabatic compression = 65,400 ft. lb. 

Work done In isothermal compression ~ 64,800 ft. lb. 

Work done by air in final process == 26,500 ft. lb. 

•Heat given to air — 92, 000 'ft. lb. 

16. - 67*5° C. ; 37-5 en. ft. 17. 406 C.H.U. 

18. 13*6° F. ; 21 '85 in. of merenrj% 

19. (i) 3,047 ft. Ib. (2) 296 ft. lb. gained. 

(3) 304° F. ; *33 cn. ft. 

20. 6‘65 cii. ft. ; 440° C. ; 71*5 lb. per sq. inch. 

2L 892° F. 22. 29 B.Th.U. 

23. 0*566. 24. 75 lb. per sq. inch. 

25. (i) *0793 Ib. (ii) 174-2 Ib. per sq. inch ; 1185° F. abs. 
fiii) 2523® F. (iv) 545 Ib. per sq. inch. 

(v) 46 Ib. per sq. inch ; 1878° F. ab®. 
fvi| 49-4 per cent, (vii) 83*8 per cent. 

2Cl ii) 1103° F. ; 1615° F. 

fii) On e:xpIc»ion 26,980 ft. lb. of Heat received. 

On ex|»nsion 11,190 ft. lb. received. 

0"n exlmnst 25,690 ft. lb. rejected, 
fiii) 32*5 per cent. 

fS. 1-79: L 29. By compressor; 20 H.P., 7-45d. per hour. 

By direct heating, l-8d. per hour. 

CHAPTER m 
Page 72 


K>8 


1. 27 ft. H>. 
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CHAPTER 17 
Pages 104-1 136 

1. lOT C.H.IJ. 2. (i) y — 1'37. (ii) 7-55 eii. ft. 

•00194; (1*37 P C.H.IJ, per eu. ft. wlien tlie pressure is 
5,000 lb. per square foot. 

3. (i) 27° C. (ii) 177° C. [Hi) 20-4C.H.U. ; 624CILr. mvkrcl 

4. 102-5 lb. persq. incli ; work done, 144,000 ft. lb.; ly:] Cli.r 

carried away. 


CHAPTER V 
Pages 108-172 

1. 6'7 H.P. 2. 20 H.P. 3. 94,700 ft. lb. 

4. 81 H.P. ; 68-3 H.P. ; 84*3 per cent. 

5. 666 H.P. ; 81*8 per cent.; 91-9 ctu ft ; 112 eu. ft.; 25-7 per 

cent. ; 21 per cent. 

G. 56*6 H.P. ; 45*5 H.P. ; 80-4 per cent. 

8. 45 H.P. ; 33'3 per cent. 9. 58*3 per cent. 

11. 1-3 tons. 12. 155° C. 

13. 2-58 X lO^ft.-lb. ; 2*65 x lO^ ft.-Ib. 

14. 7-96 ft.; 48 tons. 16. 39-2; 9-9 tons wt* 

17. 466°C; 1-57; 1-67; PSl ; 2-0 H.P. 


CHAPTER VI 
Pages 203-204 

1. 126,000; 41,300; 42,000; 42,700 C-HIJ. 

. 8,346 O.H.U. per lb. ; 11-56 lb. of air. 

. 25-3 per cent.; *46 per cent, lost in jacket -cooling water; 70 ‘2 
per cent, lost in. ©xbaust. 

4. 1,002 O.H.U. per hour indirect beating; 8,200 G-H.U- |»r l»tir 
direct heating ; 0*122. 


CHAPTER VII 
Page 21$ 

^ 1. 35*4 per cent. 2. 6$6 H.P. ; 81*8 per cent.; §P9 csa. ft. ; 112 
cu. ft. ;,25-7»per cent.; 21 per cent. 
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CHAPTER \1II 
Pages 27:>i?74 


4 

5 
li 

{j, 

h 


14 77) i'.i T cent. 2. Excess air lOG-G per cent. ; exhaust product 
l^r^lb. of oil, 32-1 lb. 

*'b iiG ; COg, 88 grams ; H^O, 54 grams. 

hiibr,r‘<d thermal efficiency, iS*9 per cent. 

Ii,:mu C.fl.r. per Ib. ; 3*49 lb. of 0. 

I i)7 111 . ; 75 lb. per sq. inch ; 240 Ib.-ft. ; 5*8 H.P. 

^ 8 H.l\ a 210 lb. -ft. ; 3-57 ; 450 lbs. 

10, 20-5 per cent. ; 78*9 per cent. 
oT 7 ib. |M:^r sq. inch. 


■ 811 ^ aP 

y ^ 


where a sq. feet is the contracted area of the issuing jet. 


CHAPTER IX 
Page 303 

L ft) iO; 72. (ii) 2G ; 38. (iii) 20; 22. dv) 8; la 

2 * 105 ; M; 70 Ib. per sq. inch. 
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